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Abstract
Europium (Eu) ions are capable of absorbing energy from electron hole pairs (EHPs) re-
sulting in an excitation of the electrons in their 4f shells and subsequently, a red emission.
To this end, Eu ions can be doped in gallium nitride (GaN) to produce a red-emitting LED.
Identifying and capitalizing on the most efficient energy transfer pathway for EHP excita-
tion of Eu ions is crucial for the success of these LEDs. However, this process is still not
well understood. Therefore, in order to better understand the EHP energy transfer, a new
experimental setup has been developed combining the complimentary techniques of photo-
luminescence (PL) and cathodoluminescence (CL). In this setup, simultaneous direct optical
excitation and EHP excitation of rare earth (RE) ions in GaN has been achieved.
This setup is a fiber based confocal optical microscope that operates inside of a JEOL
6400 scanning electron microscope (SEM) chamber enabling the excitation of a sample ei-
ther by a laser or electron beam. The module is attached to a cryogenic stage (Oxford)
allowing temperature dependent measurements. The illumination and collection fibers oper-
ate as effective pinholes providing, in combination with a microscope objective (NA=0.3),
high spatial resolution (∼2 µm) and excellent collection efficiency. The high spatial reso-
lution ensures that the light collected from the sample is in a region of optimal laser and
electron beam overlap.
The experimental techniques performed show that the EHP excitation pathway is affected
by different growth parameters,V-III ratios, and Mg co-dopants as these alter the environment
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surrounding the RE ion (i.e. incorporation site). In particular, site-selective measurements
have been used to identify several Eu incorporation sites. Combining this technique with CL
reveals that some sites absorb energy from EHPs more efficiently than others. Additionally,
the combined excitation techniques show that there is a trapping mechanism associated with
the excitation of Eu ions by EHPs, and that there are several electro-optically inactive Eu
ions when doped in GaN.
The experiments reported in this work represent only a small portion of the possibilities
unlocked by this instrument. For example, in addition to the combination of PL and CL
studies, structural changes induced by the electron beam may be observed using Raman
spectroscopy.
2
Chapter 1
Introduction
1.1 Motivation
The realization of p-type GaN by Mg doping has made GaN materials available for opto-
electronic devices [1]. The most common device structure is in the form of a GaN/InGaN
quantum well (QW) [2–15]. These are capable of emitting efficiently in the blue wavelength
region practical for displays, LEDs, high powered lasers, and photovoltaics. However, the
efficiency of these devices decreases rapidly as they are tuned to emit higher wavelengths.
Thus, a GaN/InGaN QW red emitting LED is not practical for commercial use. An alterna-
tive to this approach is doping a GaN layer with Eu rare earth (RE) ions in order to create a
red emitting GaN LED.
The RE elements (i.e. lanthanides) are characterized by a partially filled 4f shell shielded
by completely full 5s2 and 5p6 shells. When introduced into a crystal, the 6s2 electrons
interact with the surrounding atoms in the crystal lattice to form a bond. The optically active
electrons (4f shell) are shielded by the 5s2 and 5p6 shells, and exhibit very sharp spectral
peaks only slightly perturbed by the surrounding crystalline environment. Therefore, the
wavelength of the emission is strongly governed by the transitions of the RE ion and depends
very little on the crystal host.
Strong thermal quenching of emission as well as low rare earth dopant concentrations
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have been a previous issue for RE doped semiconductors. In the 1990’s, the realization of a
suppressed thermal quenching with increasing band gap has created interest in using a large
band gap material, such as GaN, as a RE host [16]. GaN creates strong ionic bonds so that RE
ions can easily incorporate themselves on Ga sites which further increases the probability of
intra-4f transitions. Only recently has RE doped GaN exhibited high luminescent intensities
at room temperature with newly developed growth techniques [17].
Maintaining optical quality GaN with large enough RE concentrations for photonic ap-
plications is a major challenge. Recently, new growth techniques such as Molecular Beam
Epitaxy (MBE) [18] and Organometallic Vapor Phase Epitaxy (OMVPE) [17] (better known
as Metal Organic Chemical Vapor Deposition (MOCVD)) have allowed for large dopant
concentrations (i.e. 1019 cm−3 for Eu:GaN) while maintaining good crystalline quality.
The need for good crystalline quality is important to subdue the defects responsible for
the quenching of RE emission in GaN. However, there are also indications that not all defects
quench the luminescence, but play a crucial role in the excitation of RE ions by EHPs.
Defects can couple with RE ions in the form of acceptors and donors with energies within
the band gap of GaN. It is believed that the transfer of energy from an EHP to a RE ion can
only occur if the EHP is trapped in an acceptor or donor state [19–21] (Figure 1.1 shows
a pictorial representation of an EHP trap-mediated RE excitation). To this end, this work
investigates Eu doped GaN (Eu:GaN) samples with varied growth conditions to evaluate the
defects involved in EHP excitation processes of RE ions.
The different growth conditions include: (1) different pressures, (2) changing the V/III
(nitrogen/gallium) ratio, and (3) co-doping with Mg. Resonant laser 4f electron excitations
reveals several RE incorporation sites and their crystal field levels with intensities that relate
well to their relative numbers. An excitation source that creates EHPs can be used in com-
bination with these measurements to relate the EHP absorption efficiencies to the relative
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numbers of each site. Also, we have developed an experimental apparatus that combines a
resonant and above band gap source (laser and electron beam). The relative number of EHP
excited RE ions can be calculated with this technique. Also, the laser source can be tuned to
ionize trapped carriers, and probe the RE coupled defect states.
These experiments have proved their usefulness since most previous experiments use
electron-hole injection or an above band gap source (UV laser or electron beam) to investi-
gate RE:GaN [22, 23]. The previous techniques give a good gauge of relative luminescence
intensity between samples, but cannot compare the excitation efficiency of incorporation
sites to the relative site numbers properly. The techniques of this work combine an above
band gap source with one that can resonantly excite RE ions and defect GaN states to get the
most relevant data.
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Figure 1.1: The process of an EHP exciting a RE ion. (1) An electron is promoted to the con-
duction band leaving behind a hole in the valence band. (2) The electron and hole lose energy
as they are becoming trapped at a nearby defect. (3) The remaining energy is transferred to
the RE ion, (4) the RE is excited, and (5) emission of light is observed.
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Chapter 2
Background
2.1 Basic Properties of GaN
The three valence electrons of gallium form a covalent bond with the five valence electrons of
nitrogen and thus form the III/V semiconductor, gallium nitride (GaN). As these atoms bond
they form a wurtzite crystal structure (Figure 2.1) with symmetrical properties that favor a
band structure with a direct band gap. This gives GaN desirable light emitting properties.
In addition, the high-thermal conductivity of GaN has made it a desirable material for many
optoelectronic applications such as high-powered white LEDs and UV and blue laser diodes.
Most notably, GaN is used as the Blue-ray player laser diode.
Common growth procedures of GaN consist of Organometallic Vapor Phase Epitaxy
(OMVPE), also known as Metal Organic Chemical Vapor Deposition (MOCVD), as well as
Molecular Beam Epitaxy (MBE). With the OMVPE and MOCVD growth methods, complex
molecules in their gas phase at pressures in the range of 2-100 kPa are channeled to a heated
substrate on which chemical reactions occur. The result is a deposit of the desired atoms
on the substrate (such as Ga and N for GaN) and an evaporation of the complex molecule
byproducts. For example, commonly used sources for GaN growth include trimethylgallium
(Ga(CH3)3) and ammonia which results in the following reaction:
Ga(CH3)3+NH3→ GaN+3CH4
7
 
Figure 2.1: The periodic wurtzite structure of GaN creating a periodic potential for the va-
lence electrons. The larger spheres represent the gallium atoms, and the smaller ones repre-
sent nitrogen.
The desired Ga and N atoms form bonds on the heated substrate as the CH4 is evacuated
out of the growth chamber.
Unlike MOCVD (OMVPE), MBE uses a very high vacuum environment (∼ 10−11 torr)
and does not rely on chemical reactions. Rather, crucibles containing various elemental
charges are heated, and the evaporated atoms or molecules travel in straight lines to the
substrate. This method grows the crystals a monolayer at a time (epitaxy) at a rate of ∼ 1
µm an hour.
2.1.1 Band Structure Calculation in GaN
Band structure calculation is an important concept for understanding the optical transitions
allowed in semiconductors like GaN and how they can couple to RE ions. Two methods that
are widely used in the calculation of bands are the tight binding method (TBM) and the k · p
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method. Both of these methods are calculated in k space and use high symmetry points in
the first Brillouin zone, such as the Γ-point (the center of the Brillouin zone). Just as the
geometric symmetry is needed to find the locations of specific atoms by linear combinations
of lattice constants, the Brillouin zone symmetry allows for linear combinations of reciprocal
lattice vectors to locate the same states in other Brillouin zones. To this end, only the first
Brillouin zone is needed to calculate all of the states.
Further details of the following derivations are shown by Singh [24]. The periodic po-
tential of the crystal lattice defines the valence electron wave functions as Bloch waves. For
the case of type III/V semiconductors, the valence electrons still maintain their s and p-like
orbital characteristics. The tight binding model uses Bloch wavefunctions of the following
form:
Ψ~k(~r) = e
i~k · ~Ru~k(~r) (2.1)
and
u~k(~r) = u~k(~r +
~R). (2.2)
R is the periodic lattice distance. Since we are dealing with a complex periodic system the
new Bloch wavefunction has to include a new wavefunction that is constructed from the
individual atomic functions. The new function is as follows:
Ψ~k(~r) =
∑
~R
ei
~k · ~Rφ(~r − ~R), (2.3)
where,
φ(~r) =
N∑
n=1
bnψn(~r). (2.4)
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The sum is limited to the number of effective orbitals, which consist of s, px, py, and pz.
Due to the nature of the problem, the hamiltonian is limited to the atomic Hamiltonian (Hat)
and the potential correlating to the crystal (∆U ). This Hamiltonian is used to construct
the Schrodinger equation. In order to solve this equation one must multiply by ψ∗m(~r) and
integrate over all space as follows
∫
d3rψ∗m(r)
{
[Hat + ∆U(~r)]
∑
R,n
bne
i~k · ~Rψn(~r − ~R)− E(~k)
∑
R,n
bne
i~k · ~Rψn(~r − ~R)
}
= 0.
(2.5)
These terms can be reduced with the wave function orthogonality condition,
∫
d3rψ∗m(~r)ψn(~r) = δmn. (2.6)
This applies for the atomic functions on the same site, unlike atomic functions that are cen-
tered at different sites in which
∫
d3rψ∗m(~r)ψn(~r − ~R) 6= δmn for ~R 6= 0. (2.7)
We can also use the eigenvalue of the Hamiltonian to isolate the wavefunctions inside of
the integral,
∫
d3rψ∗m(~r)Hatψn(~r) = Emδmn. (2.8)
Using these three simplifications we can reduce Eq. 2.5 as
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(E(~k)− Em)bm (2.9)
= −(E(~k)− Em)
N∑
n=1
∑
~R 6=0
∫
ψ∗m(~r)ψn(~r − ~R)ei
~k · ~Rd3r
 bn
+
N∑
n=1
(∫
ψ∗m(~r)∆U(~r)ψn(~r)d
3r
)
bn
+
N∑
n=1
∑
~R 6=0
∫
ψ∗m(~r)∆U(~r)ψn(~r − ~R)ei
~k · ~Rd3r
 bn.
We assume that the wavefunctions are tightly bound to the atoms in order to simplify the
solution of this equation, i.e. the tight binding model,
∫
ψ∗m(~r)ψn(~r − ~R)ei
~k · ~Rd3r ≈ 0. (2.10)
This assumption is based on the fact that the wavefunction interaction of each atom with the
nearest neighbors in the crystal lattice is negligible, i.e. the wave functions are tightly bound
to the atoms. Most of the integrals in Eq. 2.9 are unable to be calculated and experimental
results must be used to fit the data. All of the integrals are over all space, making the solution
independent of ~r. The resulting solution is a linear combination of constants and ei
~k · ~R
that can be reduced to linear combinations of sine and cosine functions that depend on k.
Therefore, the band structure that is developed shows the dependence of an electron’s energy
with respect to its k-vector. The following example will calculate the s-like orbital band to
further clarify this concept.
2.1.2 Bandstructure From a Single Atomic s-level
The outermost electron configurations that interact with the covalent bonds have s, px, py,
and pz qualities. The tight binding equation becomes very lengthy if we consider all of these
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orbitals. To simplify this, we will solve the problem for only the s-orbital, which happens to
be characteristic of the conduction band. The simplification arises as the bm coefficients are
reduced to 0 except for bs=1. Therefore, Eq. 2.9 can be reduced to
(E(~k)− Es) (2.11)
= −(E(~k)− Es)
∑
~R 6=0
∫
ψ∗m(~r)ψn(~r − ~R)ei
~k · ~Rd3r
+
∫
ψ∗m(~r)∆U(~r)ψn(~r)d
3r
+
∑
~R 6=0
∫
ψ∗m(~r)∆U(~r)ψn(~r − ~R)ei
~k · ~Rd3r.
The integrals can also be represented as functions of ~R,
α(~R) =
∫
ψ∗m(~r)ψn(~r − ~R) = 0 (tight binding approximation), (2.12)
βs = −
∫
ψ∗m(~r)∆U(~r)ψn(~r)d
3r, (2.13)
and
γ(~R) = −
∫
ψ∗m(~r)∆U(~r)ψn(~r − ~R). (2.14)
These parameters further reduce Eq. 2.11 to
E(~k) = Es − βs −
∑
~R
γ(~R)ei
~k · ~R (2.15)
As ~R becomes greater than the the distance of the effective nearest neighbor interaction,
the γ(~R) integrals diminish to 0 rapidly. We will only consider the nearest neighbor interac-
tion. Also, γ(~R) = γ(−~R) with ~R directly related to the symmetry of the crystal. To show a
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Figure 2.2: The high-symmetry points in reciprocal space used to calculate the s-orbital
energy band. The Γ-point lies in the center of the Brillouin zone. The k-vectors of the
electron must follow a path along one high-symmetry point to another. Figure reproduced
from from Singh [24].
simple example, let’s solve this problem for a fcc lattice in which the ~R of the twelve nearest
neighbors are
~R = ±a
2
xˆ± a
2
yˆ; ±a
2
xˆ± a
2
zˆ; ±a
2
yˆ ± a
2
zˆ. (2.16)
Using these vectors, Eq. 2.15 becomes
E(~k) = Es − βs − γ
[
ei(kx+ky)a/2 + ei(kx−ky)a/2 (2.17)
+ ei(−kx+ky)a/2 + ei(−kx−ky)a/2 · · · ]
= Es − βs − 4γ
[
cos
kxa
2
cos
kya
2
+ cos
kya
2
cos
kza
2
+ cos
kza
2
cos
kxa
2
]
.
The solution of E(k) becomes combinations of sine and cosine functions with kx, ky, and
kz as the variables. These three variables are confined to paths along the first Brillouin zone
13
high symmetry points (refer to Figure 2.2 to identify the corresponding k vectors with their
high symmetry points in the first Brillouin zone). This reduces the three variable equation
(kx, ky, kz) to a one variable equation, further simplifying the problem. The graph of the
resulting solution, Eq. 2.17, is is shown in Figure 2.3. The result is a defined energy for
each k-value, known as an energy band. This example uses the s-orbital calculation to
reveal only one band. In reality, the problem takes into account many other electron orbital
functions (such as the px, py, and pz orbitals) with a more extensive solution that results in
several energy bands. A more extensive calculation is shown in the Silicon band diagram in
Figure 2.5.
In general this is a good method to calculate the band structure with one minor diffi-
culty. The large numbers of parameters need to be calculated through experiment or other
theoretical models.
2.1.3 The k · p Model
The k · p method uses the known form of the band structure problem at the band edge and
describes the band away from the symmetry points using perturbation theory. It is very
effective at close proximity to high symmetry points in k space. This is valuable for GaN,
as all optical transitions occur at the Γ-point (the band edge). The calculation can include
spin-orbit interactions, strain effects, spontaneous and piezoelectric polarizations, and carrier
screening effects. These calculations tend to be very accurate close to the band edge making
them popular methods in calculation of optical properties of GaN.
Figure 2.4 depicts the Γ-point of the band structure in GaN. It can been seen that the
bands are of parabolic shape with three valance bands and one conduction band. Also, the
conduction band minimum and valence band maximum occur at k=0. This is a favorable
position in k space for an optical transition to occur since photons have k-vectors close to
zero.
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Figure 2.3: The s-orbital band calculated from Eq 2.17 using γ = 1 eV and Es+β = 0. The
results show that there is only one allowed energy for each k-vector for this band. A more
complex solution will show several bands in which each k-vector can have a discreet set of
energies. Figure reproduced from Singh [24].
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Figure 2.4: The band structure of zinc-blende GaN near the Γ-point. The spin-orbit coupling
lifts the degeneracy among the valence bands. The three valence bands are the heavy hole
(HH), light hole (LH), and split-off band, and have p-type properties. Further details are
shown by Suzuki et al. [25].
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Spin orbit interactions cause the valence bands to split due to their p-type orbital prop-
erties. The doubly degenerate valence states at the center of the band edge are the heavy
hole (HH) and light hole (LH) states due to their different curvatures. The remaining valence
band is called the split-off band. The corresponding j values for the HH and LH states and
the split off band are 3/2 and 1/2, respectively, explaining the doubly degenerate HH and LH
states.
This work focuses on the electro-optical transitions in GaN as well as the ability for
excited carriers (electronic stimulations) to transfer their energy to optically active lanthanide
ions. Understanding the band-structure is important for relating these two systems. We will
discuss next how localized defect states in the band structure can occur, and, after that, how
lanthanides may couple to those states to absorb excitations from excited carriers.
2.1.4 Optical Transitions in GaN
As discussed in the previous section, the Γ point is the central point (k = (0, 0, 0)) in the
first Brillouin zone that contains the highest density of states. For GaN, the valence band is
located at the Γ point in the first Brillouin zone. In the ground state, all of the electrons exist
in states at or below the valence band edge in which all of the available states are occupied.
Electrons are very stable in this state, and in semiconductors with a direct band gap (i.e.
a conduction and valence band edge lie in the same point in k-space), they can easily be
promoted to the conduction band by an absorption of a photon with an energy greater than
or equal to the band gap.
This becomes more complicated in semiconductors with an indirect band gap. This is
defined by a conduction band edge that lies at a different point in k-space than the valence
band edged as shown in Figure 2.5. A qualitative analysis of ~k needed for a band-to-band
transition can explain this concept easily. The momentum of a photon is defined by
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Figure 2.5: The band structure of silicon with an indirect band gap. There are 8N valence
electrons and 2N states in each band. Therefore, the valence band edge is the forth energy
band from the lowest band with a maximum energy of 0 eV. Take note that the valence band
maximum occurs at the Γ-point and the conduction band minimum occurs near the χ-point.
The k-value required for this transition can only be possible for a photon if it is coupled with
a phonon making silicon a poor optoelectronic material. Figure reproduced from Cohen et
al. [26].
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p =
E
c
(2.18)
and
k =
p
~
. (2.19)
A 1 eV photon correlating to a 1 eV band gap gives a k-value of
kphoton ≈ 106m−1. (2.20)
The valence band edge in silicon (indirect band gap) lies at the Γ-point {k = (0, 0, 0)}
and the conduction band edge lies at the χ-point {k = 2pi
a
(1, 0, 0)}, which is at at an edge in
the first Brillouin zone. kχ − kΓ ≈ 1010m−1, making kphoton four orders of magnitude less
than the required momentum for a transition. Therefore, a phonon-photon coupling must
occur in order to have an optical transition and conserve momentum in an indirect band gap
material. Optical transitions in a direct band gap material are more probable since the mo-
mentum of a photon is minimal in k-space, which means that an optical transition essentially
occurs vertically in the band diagram. GaN makes a great optically active semiconductor
due to its direct band gap.
A band edge optical transition in GaN occurs when the material absorbs or emits a photon
in which an electron is promoted from the valence to the conduction band edges or relaxes
from the conduction to the valence band edges. GaN is not a perfect semiconductor (this
is true for all semiconductors), and it contains defects within the band gap that also allow
optical transitions. Even though these emissions are much less intense than the band edge
emission, they are important characteristics of the semiconductor, especially when dealing
with RE doping. The result is a broad and weak emission that has less energy than the band
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Figure 2.6: The room-temperature photoluminescence spectrum of GaN showing the band-
to-band transition at 365 nm and the deep level emission (yellow luminescence) at 550 nm.
edge. Figure 2.6 shows the band-to-band transition centered at 365 nm as well as a broad
emission centered at 550 nm better known as the yellow luminescence (YL) of GaN.
Recent works using hybrid functional calculations have validated previous experimental
data [27] [28] showing that the origin of this luminescence is a carbon on nitrogen substitu-
tion [29]. Contrary to previous density functional theory (DFT) calculations [30–34], the CN
is not a shallow acceptor, but has been calculated as a very deep acceptor with an ionization
energy of 0.90 eV [29]. The configuration-coordinate diagram relating the carbon negative
charge state (C−N ) and neutral state (C
0
N ) is shown in Figure 2.7. The calculations show that
an absorption of 2.95 eV will excite the deep acceptor into a conductive state leaving behind
a C0N . The c-axis distance from the C
0
N to the Ga atom is 8% longer than for C
−
N . When the
C−N state is electronically excited to the C
0
N state the atom is still in the C
−
N favorable position.
Therefore, the C-atom is not in the ground state of the new harmonic oscillator potential and
can release a phonon or several phonons before relaxing to the ground state. Once the C0N is
in the harmonic oscillator ground state, it has an energy of 2.6 eV above the C−N state. The
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Figure 2.7: (a) The electron orbital of the C0N on a nitrogen site. (b) The configuration-
coordinate diagram relating the carbon negative charge state (C−N ) and neutral state (C
0
N ).
The excitation from the C−N state to the C
0
N state requires an energy of 2.60 eV and peaks
at 2.95 eV. The energy of the resulting emission from the C0N to C
−
N transition is 2.14 eV.
Figure reproduced from Lyons et al. [29].
subsequent relaxation, in which an electron is transferred to C0N , transforms it into C
−
N with
the loss of energy emitted as a photon. The minimum energy for this photon is 2.15 eV. The
difference between the absorption and emission peaks gives a Stokes shift equal to 0.81 eV,
which is consistent with experimental models [27, 28].
The YL transitions are one of many potential defect states within GaN. The different
defect states include shallow donors, deep donors, shallow acceptors, and deep acceptors.
An acceptor is a state that lies within the band gap and behaves like a localized hole (the
defect has an incomplete covalent bond and can accept an electron). A donor is a state that
lies within the band gap and behaves like a localized conduction electron (the defect has an
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extra electron that does not participate in the covalent bond).
In this work, we focus on the incorporation of RE optically active defects in GaN, and
the ability for optical transitions within GaN to excite them. The optically active transitions
within RE ions occur in their inner atomic electron shells which are not associated with the
valence electrons or the GaN band diagram. Despite this, excitations within the GaN valence
electrons (formation of conductive electrons and their respective holes) can be transferred to
the RE ions within the lattice. This transfer of energy causes excitations within the RE ion
that results in the emission of photons. The ability for GaN excitations to transfer their
energy to RE ions is not well understood due to the different nature of these systems. Also,
the energies associated with these transitions are much below the band edge of GaN, and
other excitations besides band-to-band transitions, such as defect states, must be considered.
There has been evidence that there exists a defect mediated transfer of energy from electron-
hole pairs to RE ions.
2.2 Lattice location of RE ions in GaN
The results discussed in this section show the theoretical lattice locations, binding energies,
and bond lengths calculated by the following methods and people:
1. Spin-polarized local density functional (LDF) code AIMPRO [35] incorporating Harwigsen-
Goedecker-Huttler [36] (HGH) pseudopotentials, and a Monkhorst-Pack [37] sam-
pling scheme. These calculations were performed by Filhol et al. [38].
2. Self-consistent charge density function based tight-binding (SCC-DFTB) calculation
scheme [39]. The method has been extended to include LDA+U [40] and simplified
self interaction corrected (SIC)-like potentials [41, 42] for the simulation of systems
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with localized and strongly correlated electrons. These calculations were performed
by Sanna et al. [19] and are similar to those performed by Hourahine et al. [21].
Most of the work discussed here is explained in more detail by Filhol et al. [38], Sanna
et al. [19], and Hourahine et al. [21].
The rare-earth ions prefer to substitute on Ga lattice sites in their trivalent form (RE3+).
Therefore, they bond to the neighboring atoms in the same way a Ga3+ would behave, mak-
ing them isoelectronic or in the same electronic state as the Ga atom. The RE on Ga site
(REGa) possesses the same C3v symmetry surrounded by three N atoms with the same bond
length in the axial direction and one with a longer bond length along the c-axis. The respec-
tive bond lengths are calculated to be 2.27 and 2.24 A˚ for Eu, 2.20 and 2.18 A˚ for Er, and
2.18 and 2.15 A˚ for Tm [19]. This is in close agreement with Filhol et al. [38]. Both of
these results are in good agreement with previous EXAFS data [43]. The incorporation of
REGa only induces small distortions in the crystal lattice that can be characterized by strain
or stress. This can be calculated by the ratio between the RE-N bond length and the Ga-N
bond length. The low values of these parameters assure that the RE impurities can be easily
incorporated on a Ga site, making this a probable configuration.
The exact nature of the excitation of a RE ion after an electron-hole recombination is
still not well understood. It is possible that the direct/band-to-band recombination is unable
to excite the RE ion 4f electrons. This hypothesis is supported by the existence of strongly
localized f-shell transitions that lie deep within the band gap. The large energy mismatch
from a band-to-band transition does not allow the excited carriers to occupy these states.
Therefore, the RE ion may rely on a shallow transition level that assists this excitation. With
this in mind, we will investigate different complexes of RE ions and GaN native defects such
as RE interstitials, Ga or N interstitials, and Ga or N vacancies within the region of a RE ion.
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First, the RE ion interstitial (IRE) creates a large lattice relaxation, which is characterized
by formation energies that are much higher than REGa. Also, it is improbable for a RE ion
to stay in an interstitial state since the REGa with an IGa is more energetically favorable. In
other words, a RE ion and a Ga that are in close proximity to each other will more likely
form with a REGa and an IGa. Overall, IRE is an improbable configuration that will not occur
in high concentrations, and should not contribute to the luminescence.
Second, since the probability of REGa is high, a REGa VN pair was investigated. The
REGa VN pair can occur as two different configurations, either basal (if one of the missing
N atoms lies in the lateral direction) or axial (if the missing N atom is along the c-axis). The
basal and axial configurations of these complexes have similar energies. Also, the RE ion
is slightly displaced in each of the configurations by a distance of 0.1 to 0.2 A˚ depending
on the type of RE and the configuration. There has been experimental evidence [44, 45]
that some of the RE ions (especially Eu) lie slightly off-axis, which support the previous
statement. The high binding energy of this pair in the neutral charge state is in the range of
1.1 to 1.6 eV, making it a very stable state even after annealing. More importantly, this state
creates a shallow level just below the conduction band that can act as an assisting excitation
mechanism.
Third, REGa VGa can also be formed with several different configurations. For all config-
urations, the relaxation of the lattice is more pronounced, there is a higher formation energy,
and the binding energy is lower than for the REGa VN pair. This is expected since the Ga
vacancy lies further away than a N vacancy if the RE is on a Ga site. We discussed ear-
lier that the REGa is an isoelectric site. A VGa creates a triple acceptor state with levels
approximately 1 eV above the valence band. Therefore, RE excitations that require more
than Eg-1 would be very improbable by a transfer of energy from this trap. REN VGa were
also investigated, but are not stable with respect to the formation of REGa VN and the lather
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Figure 2.8: A schematic of the energy levels of several different RE-defect configurations
in GaN at the Γ-point. Centers with deep levels would not be associated with high energy
optical transitions. Figure reproduced from Filhol et. al [38].
configuration would more likely occur.
The different incorporations of RE ions in GaN including their coupling to native GaN
defects have been investigated. A RE on a Ga site does not create donor or acceptor states
within the band gap unless it is coupled to a local native defect, such as a VN . Figure 2.8
shows a schematic of the energy levels of several RE defect configurations in GaN at the
Γ-point. It is believed that the creation of acceptor and donor states through the coupling of
these defects aid the transfer of energy from excited carriers to the rare earth ions.
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2.3 Defect Mediated Excitations of RE ions in GaN
Previously, we discussed the possibilities of localized defect transitions in GaN that create
perturbations in the band energies as well as the ability for RE ions to couple to them. These
occur naturally as a result of the current growth methods or can be intentionally incorporated.
Optical transitions within the RE ions can occur as a result of electronic excitations in GaN,
and emission energies that are nearly impossible to achieve in GaN become possible. As
was discussed earlier, the ability for electronic excitations in GaN to transfer their energy to
the optically active RE ion electrons is not well understood. Here, we will discuss previous
work that shows evidence of a defect mediated transfer of energy to the RE ions.
2.3.1 A Two-color Experiment and Er:GaN
Bodiou et al. [20] created an experimental setup capable of simultaneous excitation by two
different laser sources. To ensure laser overlap, a metallic diaphragm with an aperture of
2 mm was placed on the sample. A 6 ns pulsed optical parametric oscillator (OPO) tuned
between 400 and 650 nm and pumped by the third harmonic of a Nd:YAG at 355 nm was
used as the primary excitation source. The secondary excitation was either a cw HeCd laser
at 325 nm for above bandgap excitation or a cw Kr+ laser at 647 nm for below bandgap
excitation.
Er decay rates were recorded with the pulsed laser for various secondary cw excitations.
Contrary to the expected, a noticeable quenching in both the PL amplitude and decay con-
stant occurred as a result of the secondary excitations. Specific precautions to use low laser
intensities to ensure that PL intensity saturation (a large percentage of the Er ions are ex-
cited) did not occur. Also, the laser wavelengths used do not match any of the excited state
absorption lines within the 4f electron shell, and can not contribute to the quenching.
Figure 2.9 shows the generally accepted excitation process of Er ions in GaN. After
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Figure 2.9: An excitation promotes an electron from the valence band to an excited trap state
leaving behind a hole (1). The hole is attracted to the electron and they can form a bound
exciton (2). The excitation then transfers its energy to the RE ion which emits light (3). The
addition of the cw laser can cause two ionization effects. The photoionization of the trapped
carriers (4) or an Auger process between the excited carrier and the trapped one (5). Figure
reproduced from Bodiou et al. [20].
the pulsed excitation creates trapped carriers the cw laser can hinder the ability for these
trapped carriers to excite the Er ion in two ways. (1) A direct absorption of the photon
can photoionize the trapped carriers into the conduction and valence band before they can
transfer their energy to the Er ion. (2) The cw laser creates carriers that disassociate the
trapped carrier through an Auger process. These processes can be identified experimentally.
The Auger probability, PA, is linear with respect to the number of carriers, n, in the
sample. However, since the free-carrier concentration is governed by bimolecular recombi-
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Figure 2.10: (a) The dependence of the ratio between Acw/ Anocw and the square root of the
photon flux showing that an Auger process is responsible for the decrease in luminescence
with the addition of an above band gap excitation. (b) The dependence of the ratio between
Acw/ Anocw on the photon flux of the cw laser showing a photoionization effect with the
addition of a below band gap cw laser. Figure reproduced from Bodiou et al. [20].
nation processes, n and PA exhibit a square root dependence on the photon flux (Φ). On the
other hand, the ionization of a trapped carrier relies on a direct absorption of the photon by
a trapped carrier and it is linear with respect to the laser power densities used in this study.
Figure 2.10 shows the dependence of the PL intensity ratios with and without a cw excitation
(Acw/ Anocw) against the cw photon flux (laser power density). The results for the above band
gap excitation (λcw=355 nm) differ from the below band gap excitation (λcw=647 nm). For
λcw=355 nm, the ratio of ionized Er coupled traps follows a square root dependence on the
photon flux. This is not surprising since the above band gap excitation has a much higher
probability of creating carriers rather than a direct absorption and trap ionization. The op-
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posite is seen for the below band gap excitation. This is expected since the excitation has a
much higher probability of ionizing traps instead of creating free carriers.
The ionization of trap related excitations of Er in GaN were demonstrated with a two-
color/dual excitation experiment. The nature of the ionization is dependent on the excitation
energies. This work has demonstrated experimental evidence of trap/defect mediated excita-
tion of Er in GaN, which will be further investigated by this work aiding in the development
of higher efficiency RE:GaN devices. The technique of combining two excitation sources
used by Bodiou et al. [20] has motivated the development of the instrument described in the
next chapter.
2.4 Open Questions Discussed in this Work
The ability for RE ions to absorb energy from excitations in the band structure of GaN is
still not well understood. It is believed that the RE ions need to couple to specific crystalline
defects that create localized shifts in the band gap energy. These shifts can reduce and
localize the energy from EHPs and transfer it to a RE ion with a more favorable energy for
a 4f electron absorption. This work analyzes several different Eu incorporation sites in GaN
and their ability to be excited by EHPs. The questions that this work strives to answer are as
follows:
• What is the nature of EHP excitation of Eu ions?
• Do Eu ions rely on a defect mediated EHP transfer of energy?
• Can all Eu ions be excited by EHPs?
• What types of defects aid EHP excitation of Eu ions?
• What types of defects quench Eu emission?
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• How do different growth parameters affect the performance of Eu:GaN?
• Can co-dopants be used to enhance the EHP absorption efficiency of Eu centers?
• How can we engineer a Eu:GaN sample with a higher efficiency and brighter emission
in the future?
This work uses several spectroscopic techniques, including CL, PL, and a new combined
excitation experiment. With these techniques, Eu:GaN samples grown under different defect-
favoring conditions are analyzed to answer the previous questions. The nature and number
of excitation-enhancing defects is evaluated with respect to the growth conditions.
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Chapter 3
Experimental Basics
Throughout this work photoluminescence (PL) and cathodoluminescence (CL) studies will
be used to investigate the nature of RE ions doped in GaN. This chapter will go over the
detailed explanation of the techniques used in these fields and how they are used to answer
important scientific questions. Most importantly, the nature of these two techniques as ap-
plied to this research will be discussed since the experiments presented in this work use PL,
CL, and a combination of CL and PL.
3.1 Combined Excitation Emission Spectroscopy
Combined Excitation Emission Spectroscopy (CEES) has been used for many studies to
identify the excitation and emission energies of the inner-atomic 4f transitions in RE ions
[46–54]. This technique uses a tunable dye laser, a confocal microscope, and a spectrometer
to collect a multi-dimensional data set.
The basic idea is that a computer controlled tunable dye laser, set for a specific excitation
energy or wavelength range, is focused onto a sample with the emission coupled to a spec-
trometer. The dye laser has its wavelength adjusted by increments of approximately 0.2 nm,
in which a CCD camera records a spectrum at each increment and saves it to a computer. The
result is an excitation energy associated with each of the multiple recorded spectra. These
31
4I9/2 
4F3/2 
4G5/2 
2G7/2 0 
1 
2 
3 
4 
5 
0 
1 
2 
3 
4 
0 
1 
Figure 3.1: On the left is a CEES scan of a Nd:GaN sample next to its corresponding exci-
tation and emission levels. The numbers on the right of the excitation and emission levels
diagram refer to the nth excited state of the crystal field split levels. Taken from N. Wood-
ward [55].
Table 3.1: The energies associated with the crystal field split levels of the Nd 4f electrons
doped in GaN. The n value denotes the different degenerate levels of spin orbit level that is
lifted by the crystal field with a value of 0 for the ground state and n for the nth excited state.
spin-orbit level units n=0 n=1 n=2 n=3 n=4 n=5
4G 5
2
eV 1.9877 1.9985 2.0228 2.0511 2.0563 2.0615
4F 3
2
eV 1.3534 1.3575 NA NA NA NA
4I 9
2
meV 0 6.2 26 30.6 40.1 NA
spectra are overlaid amongst one another to produce a 2D image that shows the emission
intensity with respect to the excitation and emission energy. This is shown in Figure 3.1.
The initial advantage of a CEES scan is the ability to easily relate the intensity profiles
of the spectra to the the crystal field split levels of the RE ion. Each horizontal line of the
CEES scan in Figure 3.1 correlates to a 4I 9
2
→ 4G 5
2
Stark state transition, and each vertical
line corresponds to a 4F 3
2
→ 4I 9
2
Stark state relaxation. These are known as excitations and
emissions, respectively. For a particular sample, these energies can be calculated. Table 3.1
shows the energy levels calculated from the CEES scan shown in Figure 3.1.
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If Nd incorporates itself in one GaN configuration then there would be 22 excitation and
emission maxima shown in Figure 3.1. To calculate the number of excitation and emission
maxima, it is useful to draw horizontal and vertical lines connecting the maxima of the same
excitation and emission energies. For Nd:GaN, there are more excitation and emission max-
ima. Three are circled in Figure 3.1 for clarity. The extra maxima are a result of perturbed
excitation and emission energies from a different nearest neighbor configuration. Therefore,
CEES scans can be used to identify different Nd (or RE) incorporation sites in GaN.
A good example of a CEES scan that depicts multiple sites is shown in Figure 3.2. This
is a CEES scan of Eu:GaN with an excitation from the 7F0 → 5D0 states and an emission
occurring from a relaxation from the 5D0 → 7F2 states (shown in Figure 3.3). There are no
other excitations that occur in this region, and there should only be 3 emission energies and
one excitation energy. However, eight distinct excitation energies that correspond to each of
the three emissions exist. Therefore, eight different incorporation sites are present.
The CEES scan in Figure 3.2 uses zero phonon excitations of the 4f electrons (the exci-
tation wavelength is tuned to directly excite the 4f electrons of the RE ion). This range of
excitation is well suited to recognize the different Eu incorporations, but is extremely weak
due to the forbidden nature of the 7F0 → 5D0 (∆J = 0) transition . The excitability of these
transitions increases significantly with a phonon-assisted excitation.
3.1.1 Phonon Coupled RE Transitions
A RE ion doped in GaN is embedded in a dynamic vibrating environment in which the
neighboring atoms are constantly moving about some average position. Also, the average
position of the RE ion can be affected by a change in its electronic configuration. In other
words, when the ion’s electronic state is changed, the spatial distribution of its electrons
change, which affects the nature of the neighboring atoms’ vibrations.
The RE ion does not experience a strong coupling with the crystal lattice. If it did, the
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Figure 3.2: The CEES scan of the zero phonon region of a Eu:GaN sample. There are eight
identified Eu incorporation sites in GaN. OMVPE 7 (Eu2) can be excited throughout the
entire wavelength range for this particular sample.
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Figure 3.3: The Eu crystal field split levels along with the excitation and emission scheme
used for the PL studies in this work.
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emission would be strongly affected by the phonon-coupling and would experience severe
broadening. Instead, the 4f electrons are only weakly coupled to the crystal lattice, and a
small Stokes shift in the excitation and emission energies is witnessed.
The phonon-assisted excitation and emission scheme can be explained by the configu-
rational coordinate (CC-) diagram. The CC- diagram in Figure 3.4 shows a combination of
quantum mechanical harmonic oscillator (HO) potentials and electronic excitations with the
the potential energy curves of two 4f electron states for Eu in GaN as a function of the con-
figurational coordinate (Q) [56]. The parabolic shapes are a result of the HO approximation.
The horizontal lines show the discrete phonon states associated with each electronic level.
These are labeled n for the ground electronic state and m for the excited electronic state. A
transition from n=0 to m=0 or m=0 to n=0 is known as a zero-phonon transition. Figure 3.4
shows a phonon-assisted excitation (n=0 to m=1) and a phonon coupled emission (m=0 to
n=1).
This can be explained easier in terms of classical mechanics in which the RE ion is at-
tached to its neighboring atoms via a spring. As the RE ion is excited from the electronic
ground state to the excited state, the electron wave functions slightly change, adjusting the
spatial distribution of the electrons. The reconstruction of the electronic configuration can
shift the equilibrium position of the RE atom in the crystal lattice, i.e. classically, the springs
connecting the atom to the surrounding atoms change such that the atom is not in an equi-
librium position. Therefore, the excited state is in the same position as the ground state, but
the equilibrium position of the harmonic oscillator has changed. The ion will then vibrate
(emit a phonon), which relaxes it into the ground state of the harmonic oscillator. Thus,
the excitation needs to create a phonon in addition to an electronic excitation, i.e. a higher
excitation energy than the zero-phonon excitation. A relaxation from its excited electronic
state to the ground state occurs with the emission of a photon. This changes the shape of
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Figure 3.4: The CC- diagram relating the harmonic oscillator potentials of a RE ion in a
crystal lattice with their electronic states. CC- is a space coordinate. The energy of the
phonon-assitsted excitation (red) creates a phonon and an electronic excitation. The energy
of the phonon-assisted emission decreases because energy is lost in the creation of a phonon.
its electron configuration again, and can shift the position of the harmonic oscillator energy
minimum. The emission of a phonon leads the ion to the harmonic oscillator ground state.
This process creates a photon and a phonon making the photon energy less than the energy
of a zero-phonon emission.
In the Eu phonon-assisted excitation region, the forbidden 7F0 → 5D0 excitation be-
comes more likely. Therefore, the absorption cross-section of the Eu ions play a major role
in the emission intensity. For the studies presented in this work, there is a strong corre-
lation of the experimental luminescent intensities with the actual Eu concentration making
this excitation region desirable for distinguishing the relative numbers of each incorporation
site. To this end, the phonon-assisted excitation region is used to approximate the relative
numbers of each Eu incorporation site in this study.
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3.2 Cathodoluminescence
Cathodoluminescence (CL) is light emission as a result of high energy electrons inelastically
scattering with a material. A scanning electron microscope (SEM) is most commonly used
to create a controlled high-energy electron beam. It has the following advantages:
1. An SEM can focus an electron beam into a very small spot resulting in a high spatial
resolution.
2. The magnetic coils of an SEM allow full control of the electron beam position. There-
fore, scans over a finite plane can be done to make an image.
3. The accelerating voltage, which defines the energy of each electron, can be easily
controlled.
4. SEMs are also equipped with a secondary electron detector that can produce high-
resolution images of spatial features.
Therefore, the spatial features of the sample can be related to the luminescent features.
Cathodoluminescence (CL) has proven to be a powerful tool used to investigate the lumines-
cent properties of semiconductor materials under the influence of an electronic excitation.
High energy electrons interact with a material in several ways. As depicted in Figure 3.5,
high energy electrons incident on a sample create the following physical events:
1. The sample redistributes its charges to compensate for the large electric field induced
by the electrons.
2. Electrons elastically scatter off of the material’s atomic nuclei with close to the same
energy as their initial energy.
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3. Electrons inelastically scatter with the atoms’ electron clouds creating secondary elec-
trons, electron hole pairs (EHPs), x-rays, auger electrons, and thermal effects.
The listed physical events create detectable signals that can be related to important infor-
mation about the sample. The backscattered electrons are collected by a backscatter detector
that is most often mounted directly above the sample. The contrast of this signal is related
to the number of protons in the atoms of the material since the probability of a backscattered
electron is proportional to the number of protons (Z).
The inelastically scattered electrons produce many reactions inside the crystal lattice that
can be detected externally. The x-rays and Auger electrons occur from the same initial reac-
tion, in which a high-energy electron can inelastically scatter with and eject an interatomic
shell electron (K, M, L, etc). The relaxation of an electron in an outer shell can either emit
an X-ray or transfer its energy to another electron freeing it from its electron shell (Auger
electron).
Secondary electrons are electrons that are ejected from the sample as a result of inelastic
scattering of high-energy electrons. These usually have an energy range below 50 eV. They
are the primary source for SEM imaging. EHPs are another product of inelastic scattering
by the high energy incident electrons (for electronic materials with a band gap only). This
occurs when the energy transferred to the crystal lattice promotes a valence electron to the
conduction band. The recombination of an electron with its hole (i.e. the electron in the
conduction band loses its energy and returns to the empty state in the valence band) can
create a photon with an energy equal to the band gap of the material. EHPs can also transfer
their energy to other defects in the crystal, such as a RE ion.
The inelastic scattering can be described by the Bethe expression [57] defining the mean
rate of energy loss per segment of distance S the electron travels in a solid as:
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Figure 3.5: The reaction of an electron beam incident on a sample. Taken from Yacobi and
Holt [57].
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dE
dS
= −2pie4NA ρZ
EA
ln
(
1.66E
J
)
, (3.1)
where e is the electronic charge, NA is Avogadro’s number, Z is the mean atomic number,
ρ is the density of the material, E is the energy of the electron beam, and J is the mean
ionization potential, which is the average energy loss per interaction. This is given by:
J =
(
9.76Z + 58.5Z−0.19
) ∗ 10−3 (KeV ). (3.2)
The CL signals generated in this work are a result of EHPs. It has been found empirically
that the average amount of energy lost per EHP generated is ≈ 3 · Egap [58]. For example,
each electron in a 10 kV electron beam would produce approximately 1,000 EHPs in GaN.
This can be used to determine the number of EHPs generated per second [59],
go =
Eo(1− n)ib
EEHP q
, (3.3)
where Eo is the electron beam energy, EEHP is the energy per EHP created, ib is the SEM
beam current, q is the elementary charge, and (1− n) is a factor that accounts for the loss of
energy by backscattered electrons. This is an important equation that can be used to correlate
the density of EHPs to the current density of an electroluminescence (EL) experiment (the
resulting luminescence associated with an applied voltage).
The shape and volume of the electron beam interaction is calculated to define the EHP
density. This analysis uses the electron penetration depth [60,61], the generation distribution
[61, 62], and the generation volume [63–65] to calculate the excitation volume.
The excitation volume is generally estimated due to the complexity of the electron pene-
tration distribution. To do this, the average penetration distance is calculated. Everhart and
Hoff [61] have related the penetration distance (Re) to the following formula,
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Re =
0.0398
ρ
∗ E1.75b . (3.4)
ρ is in g/cm3 and Eb is in eV. This expression is designed for an electron energy range
between 5 and 25 keV and atomic numbers (Z) between 10 and 15.
The expression that correlates best with the penetration range used in these studies is that
developed by Kanaya and Okayama [60],
Re =
0.0276A
ρZ0.889
∗ E1.67b . (3.5)
Eb is in keV, A is the atomic weight in g/mol, ρ is in g/cm3, and Z is the atomic number.
Figure 3.6 shows the comparison of the electron penetration depth according to the two
models shown in Eqs. 3.4 and 3.5. The model proposed by Kanaya and Okayama works
best due to its better agreement with experimental data and wider versatility.
As the electron penetrates into the sample it is deflected several times by inelastic and
elastic scattering. The shape of this distribution has been shown to form a pear shape for low
atomic number samples, a spherical shape for Z between 15 and 40, as well as a hemispher-
ical shape for larger atomic numbers. Electrons dissipate through the sample in the three
following ways:
1. The electrons strike the sample as a tight spot.
2. The electrons inelastically and elastically scatter within the atomic lattice.
3. The high density of electrons create a space charge field at the point of entry deflecting
other incident electrons away from the point of entry.
The electron penetration volume in combination with the number of EHPs generated at
each depth per unit of time and distance complete the EHP density calculation. Figure 3.7
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Figure 3.6: The comparison of the average electron penetration depth for GaN according to
Eqs. 3.4 and 3.5 developed by Everhart et. al [61] and Kanaya et. al [60] respectively. These
values can be used to approximate the total volume of electron penetration/excitation.
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Figure 3.7: The average energy dose associated with the depth that electrons penetrate the
sample. This was calculated using the CASINO Monte Carlo simulation in reference [67].
shows the energy dose of the electron beam per unit of depth in the sample that was calculated
by Fleisher et. al. [66]. Here, the Monte Carlo simulation CASINO [67] was used to calculate
the total electron energy loss profiles. The energy-loss profiles were obtained by adding a
routine to CASINO that divides the interaction volume into 500 slices, traces every simulated
electron trajectory, and calculates the energy deposited into each slice [68]. In the first order
approximation, the energy loss is proportional to the EHP generation rate [68].
To simplify the excitation volume calculation, a defocused electron beam with a large
enough radius at the point of impact can be used. The energy dissipated from the deflected
electrons is negligible. For instance, a 20 kV accelerating voltage defines an approximately
1 micron deflection of electrons from the point of entry. If the electrons are spread over a 200
µm diameter area, those deflected horizontally will only travel a maximum of 1 µm away
from 200 µm diameter impact area. Therefore, the penetration volume can be approximated
by a cylinder with the number of EHPs created at each depth calculated using Eqs. 3.3
and 3.5.
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The information provided in this section can be used as a reference to interpret data from
experiments using various beam conditions. Also, this is a good reference on how to manip-
ulate the electron beam conditions to set up specific experiments: such as a depth dependent
CL experiment; a power density dependent CL experiment; or a spatially dependent CL
experiment.
3.3 Conclusions
The basic principles behind the CL and PL techniques used in these studies have been dis-
cussed. The main focus of this work is the combination of CL and PL techniques for the
study of RE ions doped in GaN. The key differences between these two techniques are as
follows:
• CL uses an above band gap excitation that only interacts with the GaN valence elec-
trons, subsequently creating EHPs. RE ions can absorb EHP excitations making CL
an indirect method for the excitation of RE ions doped in GaN.
• A PL source that is below the band gap of GaN is used in all of the experiments of this
work. This excitation does not create EHPs. Rather, the wavelength can be tuned to
directly excite the RE ion 4f electrons making the laser a direct method for excitation
of RE ions doped in GaN.
For PL studies, the excitation relies on the absorption cross-section of the RE ion. This
is not true for CL because the RE excitation is not a result of a direct absorption from the
electron beam. Instead, EHPs are the main excitation source which depend on excitation
channels. By combining these two techniques, the difference between direct RE ion excita-
tion and EHP excitation of RE ions can be compared.
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Chapter 4
Development of an Apparatus Capable of
Simultaneously Exciting a Sample with
an Electron Beam and Laser Beam
This work focuses on a unique instrument that we have developed that combines the tech-
niques of cathodoluminescence (CL) and photoluminescence (PL). The instrument utilizes
the concepts of confocal microscopy in order to ensure a good overlap of the electron and
laser beams. The collection area is limited to a spot with a diameter of approximately 2 µm
which overlaps the effective excitation area of the laser. A schematic and image of the setup
as it sits on an Oxford low temperature SEM stage compatible with a JEOL 6400 scanning
electron microscope (SEM) are shown in Figure 4.1.
4.1 Unsuccessful Parabolic Mirror Setup
The most common commercial CL collection systems utilize a diamond turned parabolic
mirror to deflect and collimate an electron beam induced luminescence so that it can be
focused into a spectrometer. Parabolic mirrors are ideal for light collection because they
can have a high numerical aperture (NA) and do not suffer from chromatic aberration over
a large wavelength range. With this in mind, the original design for a combined excitation
setup used a parabolic mirror as the objective lens in a confocal microscope. At first, a
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Figure 4.1: (a) The schematic of the combined CL and PL instrument. (b) The instrument as
it sits on an Oxford low-temperature stage to be inserted into a JEOL 6400 scanning electron
microscope (SEM). The fiber closest to the camera is the laser input fiber (1),which directs
the collimated beam into a beam splitter (2). The light is then reflected by two mirrors (3)
into the objective (4) and focused onto the sample, which sits at a 45◦ angle in order that the
electron beam may strike it from above. The collected light then follows the same path in
the opposite direction, through the beam splitter, and into the collection fiber (5).
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parabolic mirror seemed ideal. However, the sensitivity of a parabolic mirror based confocal
microscope made its operation impossible due to the lack of precise control of the alignment
in the confined space of an electron microscope.
The difficulty in alignment of a parabolic mirror for confocal use is due to its single
focal point compared to the focal plane of glass lenses. Deviations of only a few λ from this
focal point create a severe coma aberration [69–72]. For example, when using a high NA
parabolic mirror, 0.006o angular deviations of the incoming laser beam reduces the maximum
intensity at the focal point by more than a factor of two. Therefore, the propagation direction
of the incoming laser beam has to be accurate to within 0.006o in order to have a properly
collimated illumination beam that is able to be coupled into a single mode fiber [73]. This
precision could not be achieved using the existing setup design. Therefore, a glass lens
based confocal microscope was designed to operate inside a SEM to ensure easy alignment
for confocal operation.
4.2 Overview of the Capabilities of the Setup
CL and PL have been widely used to study the properties and defects of many opto-electronic
materials. Each technique has their own unique qualities and advantages. CL techniques use
energetic electrons that inelastically scatter with the target sample. For semiconductors,
these collisions create localized carriers with excited energies defined by the band gap and
also induce strong localized electric fields due to charge build up at the surface. With this
technique, band gaps, defects within the band gap, and electron hole pair interactions with
dopants (such as RE ions) can be investigated. Also, high power densities due to small
excitation volumes (≤ 10−4 µm3) can be used to observe saturation effects. Also, the nano-
scale excitation volumes can be used to investigate localized perturbations in the electronic
structures of the material.
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Electron energies that are less than 1 keV do not sufficiently penetrate materials making
a CL signal almost impossible to achieve. 1 keV is close to three orders of magnitude greater
than UV, visible, and IR photon energies. Therefore, CL electrons are not able to have
energies comparable to those of optical transitions. This is why PL techniques are used to
compliment CL.
PL is defined by the use of high intensity electromagnetic radiation that is tuned to di-
rectly interact with optically active transitions such as band gaps, defects, or dopants in
semiconductors. Combining PL and CL allows access to high power density electronic ex-
citations while also directly exciting optically active transitions with specifically tuned low
energy photons. This technique is used to further understand the properties of RE ions doped
in semiconductors, quantum efficiencies in GaN/InGaN quantum wells (QW), and domain
inversion in LiNbO3.
First, RE ions have the ability to be excited by electron-hole recombination, making
them useful for optoelectronic applications. For instance, in Eu:GaN, an EHP has an energy
of ∼3.4 eV and the dominant emission for the Eu ion originates from a relaxation of excited
electrons in the 5D0 states to 7F0 states. The 5D0 states are ∼2.1 eV above the ground state
energy. The mechanism by which an EHP with an energy of∼3.4 eV excites an∼2.1 eV Eu
ion transition is not well understood. This excitation can be better understood by utilizing a
tunable laser to directly excite RE ions while simultaneously creating EHPs with an electron
beam.
Second, PL and CL have been widely used in studying the efficiencies of GaN/InGaN
quantum wells (QW). The aim of QW research is to create better performing electrolumi-
nesence (EL) devices. EL has been implemented in our combined excitation setup in which
the luminescence intensity from each technique (CL, PL, and EL) can be directly compared.
Therefore, the ratio of the power density to the light emission can be calculated to compare
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the efficiency of the different excitation methods. These data will enable EL performance
prediction with only PL and/or CL results.
Third, this setup is unique in that it can simultaneously induce and perform optical studies
on electron beam induced domain inversion in LiNbO3. Due to its strong insulating proper-
ties, LiNbO3 produces a very weak CL signal. Therefore, it was impossible to probe domain
inversion by an electron beam without first unloading the sample from the SEM chamber
and examining it using various experimental techniques such as Raman spectroscopy. The
constructed setup has the ability to utilize Raman spectroscopy to probe the electron beam
irradiated area and investigate domain inversion in real time. This way, the exact parameters
of the electron beam irradiation needed to induce a domain inversion can be easily studied.
A brief example of Raman spectroscopy results obtained in this setup is shown in Figure 4.2.
Overall, this instrument allows the following modes of operation:
1. PL/Raman spectroscopy before and after electron beam irradiation.
2. CL and SEM imaging to study laser induced materials modification.
3. Dual excitation in which both the electron beam and the laser are competing and inter-
act in the excitation of a sample.
The performance of these modes in terms of spatial and spectral resolution, signal through-
put, and electron/laser beam overlap have been tested and compared to the theoretically ex-
pected performance. Before the discussion of the previous tests, we will discuss the theoret-
ical properties of confocal microscopy to better understand the techniques used to examine
the system performance.
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Figure 4.2: A demonstration of the simultaneous capabilities of Raman spectroscopy and
electron beam exposure. The charging induced by the electron beam after one half hour of
electron beam exposure causes a change in the intensity ratios of the LiNbO3 Raman peaks.
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4.3 Theoretical Properties of Confocal Microscopy
In this section, the principles of confocal microscopy will be introduced and the most relevant
optical formulas and numbers will be discussed. The designed experimental setup adapts this
technique to create a combined excitation experiment.
4.3.1 Spatial Resolution of a Confocal Microscope
Confocal microscopy is a technique that has the capability of creating three dimensional high
resolution images. Rather than imaging an entire plane as in standard microscopy, only one
high-resolution point is imaged at a time and the full image is built up from these points.
Therefore, a raster like scan of the specimen is done in the x, y, or z directions to get the
proper dimensional image desired. Confocal microscopy is generally used to investigate
microscopic luminescent centers by using a high resolution excitation source (focused single
mode laser) that is aligned to a high-resolution collection area. This is known as confocal
luminescence microscopy (CLM).
A standard confocal setup is shown in Figure 4.3. A light source is defined by an aperture
which is small enough to allow only a single mode of propagation. The resulting point source
is imaged onto the sample by an objective lens. The emitted light, which is collimated
by the same objective, is diverted by a beam splitter and imaged onto a second aperture,
thereby blocking all out-of-focus light from entering the detector. This results in good spatial
resolution in the x, y, and z directions.
The resolution of the microscope can be analyzed in the diffraction limited case in which
there are assumed to be no aberrations associated with the lens system. As the wavefront
coincides with the circular objective aperture a spherical wavefront is formed. Two spots are
considered to be distinct when the first diffraction minimum of the image of one source point
coincides with the maximum of the other. This is known as the Rayleigh Criterion. There-
52
Beam splitter 
Collection Aperture 
E
xcitation A
perture 
Objective 
S
am
ple 
Figure 4.3: This is the design of the confocal microscope used in these studies. The light
from the excitation pinhole is collimated and focused onto the sample by the objective. The
emitted light from the sample is then collected by the objective, collimated, redirected by
the beam splitter, and focused onto the collection pinhole. The focus of the pinholes and
objective are aligned so that only one point on the focal plain is imaged.
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fore, the resolution of the microscope is defined by the wavelength (λ) and the numerical
aperture (NA) of the objective. The numerical aperture is defined as
NA = n sinα, (4.1)
where n is the refractive index of the medium and α is the maximum collection angle of the
focusing lens.
The so-called point sources of a confocal microscope are better describes as blurred spots
consistent with the point spread function (PSF) [74]. The analysis uses cylindrical coordi-
nates to correlate with the symmetry of a focused light wave with radial and axial symmetry.
Using the PSF and the Rayleigh criterion, the following radial and axial resolutions are real-
ized, respectively:
ro =
0.61 · λ
NA
(4.2)
and
zo =
2n · λ
NA2
. (4.3)
These equations define the resolutions of a circular lens system and spherical wavefronts.
Another way to calculate the resolution is to calculate the full width half maximum (FWHM),
Γ, of the main lobe of the lateral intensity distribution. For Eqs. 4.2 and 4.3, Γr ≈ ro and
Γz ≈ zo, respectively. A confocal setup further increases the resolution of the microscope by
introducing single mode wavefronts that can be approximated by Gaussian functions in the
radial and axial direction. This decreases the FWHM of the intensity functions as
Γconfr ≈
1√
2
Γr ≈ 0.61 · λ√
2 ·NA (4.4)
and
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Γconfz ≈
1√
2
Γz ≈ 2n · λ√
2 ·NA2 . (4.5)
In order to have a microscope capable of detecting the smallest spatial features with
minimal luminescence, the spatial resolution and collection efficiency must be at their full
capacities. Maximal collection efficiency is defined by a large collection angle (i.e. a high
NA), which also defines a high resolution as shown in Eqs. 4.4 and 4.5. Therefore, the
optimization of the optical components of a confocal microscope are dependent on the NA
of the objective and the alignment of the system.
4.3.2 Size of the Excitation and Collection Pinholes for a Confocal Sys-
tem
An important consideration when designing a confocal microscope is the size of the pinholes.
The image quality can suffer if the pinhole is too large or too small. A large pinhole will
decrease the effective resolution. A small pinhole can limit the amount of signal reaching
the detector resulting in a reduction in the signal to noise ratio. Therefore, it is necessary
to choose the size of the pinholes in order to achieve optimal collection while maintaining a
high spatial resolution. The ideal pinhole sizes for ideal radial and axial resolution has been
determined by Wilson et. al [75] as
drad = 2M · λ
4piNA
(4.6)
and
d
axial
= 2M · λ
0.8piNA
, (4.7)
where M is the magnification of the objective, drad is the pinhole diameter necessary for
optimal radial resolution, and daxial is the pinhole diameter necessary for optimal axial reso-
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lution. It is clear that the axial resolution is more sensitive to the pinhole size and should be
used in the design of the setup.
4.4 Testing the Performance of the Combined Excitation
Experimental Setup
In this section, the performance of the designed instrument will be compared to its theoretical
limits in terms of the spatial resolution, electron/laser beam overlap, spectral resolution, and
throughput.
In order to determine the performance of the instrument, a Eu:GaN sample designed
for LED applications was used. This sample was grown by OMVPE (Taiyo Nippon Sanso
SR-2000) with a 10 nm thick GaN capping layer, a 400 nm thick GaN:Eu layer, a 2-3 µm
thick undoped GaN layer, and a 30 nm thick GaN buffer layer grown on a sapphire (0001)
substrate. The Eu concentration in the active layer was 7 · 1019 cm−3. Further details on the
growth of this sample are described by Nishikawa et al. [17].
4.4.1 The Spatial Resolution Performance
The spatial resolution is limited by the optical components of the microscope and depends
on the allowed collection area as discussed in section 4.3.1. The objective used for the tested
setup has a NA = 0.3, but the diameters of the excitation and collection beams (defined by
the fiber coupler and collimator) do not fully fill the back aperture of the objective. Therefore,
we can calculate the effective NA as
NAeff = NAob ·
rb
√
r2ap + f
2
ob
rob
√
r2b + f
2
ob
. (4.8)
For a beam radius rb = 2.5 mm, an objective aperture radius rob = 4.5 mm, and an
objective focal length fob = 14 mm used in the setup shown in Figure 4.4, Eq. 4.8 shows
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that the effective NA of the objective is effectively reduced to 0.17. We therefore expect
excitation (572 nm) and collection (620 nm) resolutions of 1.48 µm and 1.6 µm in the radial
direction and 29.12 µm and 31.57 µm in the axial direction according to Eqs. 4.4 and 4.5.
The resolution in the axial direction however, is limited by the thickness (0.4 µm) of the test
samples used in this study.
The electron beam has a much higher spatial resolution than that of an optical micro-
scope, and, therefore, the optical resolution can be tested using the electron beam. To this
end, a CL map of the collection area with a uniformly emitting Eu:GaN sample was per-
formed, and is shown in Figure 4.4. A CL map is developed by rastering the electron beam
over a defined area. The brightness of a spot on the CL map signifies the intensity of the
light collected at that point. It is clear from Figure 4.4 that light can be collected in a defined
region of space which can be analyzed to calculate the collection resolution of the system.
The intensity profile is fit well by a Gaussian function with a FWHM of 1.94 µm, which is
in good agreement with the theoretical resolution of 1.6 µm. This is the highest resolution
achieved at this point by the combined excitation instrument.
The space constraints of the SEM in combination with commercially available optical
components limit the capabilities of this instrument. In order to utilize the full NA of the
objective, the beam profile (defined by the NA of the fiber and focal length of the coupler)
must be matched to the back aperture of the objective. A Mitituyo objective with a NA of
0.7 in combination with a Thorlabs fiberport seem to be the best candidates for future im-
provement and would yield a theoretical resolution of 0.54 µm with ≈ 20x better collection
efficiency.
4.4.2 The Electron/Laser Beam Overlap
A sample with a drastic difference between a laser excitation and a combined excitation was
necessary in order to decipher the electron/laser beam overlap. A Eu:GaN thin film was
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Figure 4.4: (a) Secondary electron image of a Eu:GaN thin film grown on sapphire. (b) The
CL map of the same area of the sample. Take note of the gaussian fit to the collection area
in the bottom right corner of the image with a FWHM of 1.94 µm.
chosen for this experiment due to a significant decrease in the CL signal upon an additional
laser excitation. Further details of this effect will be discussed in Section 6.3. Also, the thin
film active layer ensures that the absorption of the electron and laser beams are homogenous
within the region of interest.
The size of a focused electron beam is much smaller than the best laser focus and there-
fore the electron beam needs to be defocused over the collection area to ensure an optimal
electron/laser beam overlap. Moreover, the accelerating voltage (10 kV) is chosen such that
the entire 400 nm thick active layer will be excited to ensure overlap with a weakly absorbed
laser in the z-direction. Since our instrument lacks depth resolution, we can only evaluate
the overlap within the x-y plane.
In determining the expected overlap we assume that the confocal microscope is optimized
for best spatial resolution such that the excitation and collection spots are centered on the
same point in space. Under these conditions the overlap can be determined by 2-D Gaussian
profiles centered at the same point. Utilizing the Rayleigh criteria as a measure of the size
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of the beams, we calculate values of 1.48 µm and 1.6 µm for the excitation and collection
diameters, resulting in respective areas of 1.72 µm2 and 2.01 µm2. This gives an 85.6%
excitation/collection area overlap. For the CL map experiment shown next, in which the
electron beam excites the entire collection area, this overlap is analogous to the electron/laser
beam overlap in the collection area.
To test the overlap experimentally, two CL maps of a Eu:GaN sample were made. One
was made with simultaneous laser excitation and one was made without laser excitation.
Our studies show that the decrease in CL signal with additional laser excitation is linear with
respect to the laser power and hence is proportional to the overlap of the two beams.
The intensity distribution of a CL map with a laser irradiated collection area is compared
to one without a laser irradiated collection area in Figure 4.5. The fits of the horizontal line
profiles of the CL map collection areas (i.e. a 1D electron beam scan over the intensity
function) show that the laser intensity as well as the collection can be defined by Gaussian
functions. Unlike the stationary optics of the combined instrument, the electron beam is
scanned over an area of the sample with a constant power density. If we assume that the
effective excitation area of the electron beam is much smaller than the collection area (the
electron beam at any given point can be approximated as a delta function), then the CL
collection map represents the collection profile from an array of infinitesimal point light
sources over an infinite plane that emit with the same intensity. The optics of a confocal
microscope do not have the ability to resolve these point sources which can therefore be
assumed to be a uniform emitting plane. This is analogous to the inability of our eyes to
resolve the pixels in a plasma or LCD screen such that the screen looks as if it is a uniform
plane. The intensity distribution of the electron beam is thus constant,
Ieb(r, θ) = C. (4.9)
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Figure 4.5: Horizontal line profiles of a CL map of the collection area for a laser and non-
laser irradiated Eu:GaN sample.
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Here, Ieb(r) is in 2D polar coordinates due to the symmetry of the Gaussian excitation and
collection areas and C is the power density of the electron beam. The collection area has
been defined as a Gaussian function due to its confocal properties. Hence, the collection
ability of the microscope at any point in space is
Υ(r, θ) = exp
[
− r
2
0.36 · α2
]
. (4.10)
The factor α is the FWHM of the collection area which is centered at r = 0. At r = 0,
Υ = 1, indicating that 100% of the light can be collected. This is the distribution of the
ability for the microscope to collect light at any point in space with the focal point of the
objective at r=0. The FWHM of the laser beam is expected to be slightly different than that
of the collection area. The intensity distribution of the laser is also Gaussian and can be
characterized by
IL(r, θ) = k1 · exp
[
− r
2
0.36 · β2
]
, (4.11)
where k1 is the constant that defines the maximum intensity. It can be obtained by the
following integration,
k1 ·
∫
exp
[
− r
2
0.36 · β2
]
rdrdθ = PL, (4.12)
where PL is the total laser power in watts. Therefore, k1 ∝ PL.
For the next calculation, two factors must be understood: (1) the CL signal is reduced by
the presence of a laser excitation and (2) the effect is linear with respect to the laser power
used in the study. Therefore, the relative CL signal reduction, Feff , can be expressed as
Feff (r, θ) ∝ IL(r, θ) · Ieb(r, θ). (4.13)
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Therefore, we can introduce a new constant, k2 (the fraction of lost CL signal at r = 0), to
make Eq. 4.13 an equality,
Feff (r, θ) = C · k2 · exp
[
− r
2
0.36 · β2
]
. (4.14)
Thus, the intensity profile of the sample luminescence from a combined excitation is the
luminescence from a combined electron beam and laser excitation,
Is(r, θ) = Ieb(r, θ)− Feff (r, θ) = C ·
(
1− k2 ∗ exp
[
− r
2
0.36 · β2
])
. (4.15)
Eq. 4.15 gives the intensity profile of the luminescence at the sample which must be
collected by the microscope before it can be transmitted to the detector. The collection
profile described by Eq. 4.10 is the percentage of light that will be collected at any point on
the surface of the sample. To further clarify this, Figure 4.6 shows the 1D profile of the laser
induced reduction of the CL signal as it appears on the sample with k2 = 0.15 (Eq. 4.15),
and the collection profile (Eq. 4.10). Multiplying Eq. 4.15 by Eq. 4.10 gives the intensity
distribution of the CL map (Imap) when the electron and laser beams simultaneously excite
this particular sample,
Imap(r, θ) = Υ(r, θ) · Is(r, θ) = C · exp
[
− r
2
0.36 · α2
]
·
(
1− k2 ∗ exp
[
− r
2
0.36 · β2
])
.
(4.16)
This expression has been used to fit the horizontal line profile of the CL map with si-
multaneous laser excitation shown in Figure 4.7 with the relevant fit parameters shown in
Table 4.1. The achieved overlap (foverlap) can be calculated using the overlap of the exci-
tation area within the effective collection area which is defined by circles with rβ = β2 and
rα =
α
2
, respectively.
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Figure 4.6: The horizontal line profile of the intensity distribution of the light emitted from
the sample with electron and laser irradiation (top) is compared to that of the collection
profile (bottom).
foverlap =
pir2β
pir2α
=
β2
α2
, foverlap = 1, if
β2
α2
> 1 (4.17)
which yields
foverlap =
1.732
1.942
= 0.794 = 79.4% electron/laser beam overlap. (4.18)
This experimental electron/laser beam overlap of 79.4% agrees well with the theoretical
overlap of 85.6% calculated previously.
A 100% electron/laser beam overlap is thus defined as a complete overlap of the laser
with a collection area that is completely filled by the electron beam. Although the laser is
overlapped with the electron beam spatially, the intensity distributions of the two are not
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parameter value ± 1 std. dev. description of paramenter
α 1.94± 0.12 FWHM of collection area (µm)
β 1.73± 0.24 FWHM of the laser excitation (µm)
k2 0.36± 0.04 The fraction of lost CL signal at r = 0 (unitless)
C 180.46± 10.7 Electron beam intensity (a.u.)
Table 4.1: The values of the parameters used in Eq. 4.16 to fit the correct function to the data
in Figure 4.7. The values for the standard deviations show that this fit function is within the
range of the theoretical values.
identical over the collection area defined by Eqs. 4.8 and 4.11. This is due to the constant
electron beam intensity over the collection area.
Next, the electron/laser beam intensity function overlap is quantitatively calculated for
this experiment. This overlap can be characterized by,
Jol =
∫ 2pi
0
∫ β
0
IL(r)rdrdθ∫ 2pi
0
∫ α
0
Ieb(r)rdrdθ
. (4.19)
The intensity function overlap is defined by the shape of IL assuming that the intensity max-
ima of the laser excitation and collection area are overlapped. Since we are only concerned
about the overlap of the shapes of the functions and not the magnitudes of the intensities
k1 = C. The integrals in Eq. 4.19 give
Jol =
β2
2.773α2
(
1− exp
{−2.773α2
β2
})
. (4.20)
Using Eq. 4.20, a theoretical electron/laser beam intensity function overlap of 29.7 %
is calculated. This can be compared to an experimental overlap of 27.8%. Although it is
clear that these are in good agreement, a 27.8% intensity function overlap is low value for
the CL map experiment. In order to acquire the best overlap between intensity functions one
must tune the focus of the electron beam such that it covers the entire laser excitation area
without going beyond it. This would ensure a Gaussian electron beam intensity function in
the collection area further increasing the overlap between the laser beam and electron beam.
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Figure 4.7: A fit using the parameters in Table 4.1 in combination with Eq. 4.16.
4.4.3 Point Source Coupling to a Spectrometer
It has proven difficult to couple the light that is collimated and deflected by a commercial
CL setup utilizing a diamond-turned parabolic mirror into a spectrometer. These collection
mirrors are designed to collect light over a large area of the sample. While the electron beam
is rastered, the detector associated with the light collection records the spectra/intensity from
each point. This results in a high spatial resolution map of luminescent features on the
sample. An example of this is shown in Figure 4.8.
The spatial resolution capabilities of this technique exceed that of an optical confocal
luminescent microscope. However, the image of the collection area is large, and unless
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Figure 4.8: A CL map of an AlGaN layer with nanometer scale compositional inhomo-
geneities that emit light at a higher wavelength than the bulk AlGaN. This implies that the
band gap in these regions is lower than that of the bulk.
signal strength is sacrificed by closing the entrance slit, the spectral resolution is lower than
the optimal spectral resolution of the spectrometer. While this compromise is not a problem
for studies that involve broad emission peaks, other approaches are required for studies that
involve sharp spectral peaks. Because our samples emit sharp spectral peaks, a commercial
CL collection device is not ideal for this situation.
The net bandpass is defined by [76],
BPnet =
√
BP 2nat +BP
2
slit +BP
2
ins, (4.21)
where BP 2nat is the natural spectral bandwidth of the emission, BP
2
slit is the bandwidth as-
sociated with the entrance slit (the exit slit can be neglected since it is able to be set to the
same width as the entrance slit without loss), and BP 2ins is the limiting resolution of the in-
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Figure 4.9: The fiber point source can be focused on the slit using two lenses as shown. The
magnification of the fiber core is defined by f2
f1
strument. For a monochromatic emission and a high-resolution spectrometer, Eq. 4.21 can
be reduced to
BPnet = BPslit = D ∗Wslit, (4.22)
where D is the linear wavelength dispersion (nm/mm) determined by the optics in the spec-
trometer including the grating, and Wslit is the width of the slit.
The microscope that has been introduced in this work uses a 6µm core collection fiber
that is coupled to a spectrometer. The emission from the fiber is considered to be a point
source. This differs from the CL collection device as it is imaging a large region of the
sample on the slit, resulting in a large image. A point source, on the other hand, can be
imaged as a point on the slit allowing a much smaller slit without lost signal. A diagram of
the optics coupling the fiber emission into the spectrometer are shown in Figure 4.10.
The design of the optical system coupling can easily match the ratio of the beam profile
and angle of incidence of the incoming light to the F/value of the spectrometer. The F/value
is defined by
F/value =
LA
DG
=
1
2 tan θ
, (4.23)
where LA is the distance from the slit to the grating optics, DG is the diameter of the grating,
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Table 4.2: The numbers relating the half angle and NA to the F/value of the spectrometer.
F/value F/2 F/3 F/5 F/7 F/10 F/15
Ω (degrees) 14.48 9.6 5.7 4.0 2.9 1.9
NA 0.25 0.16 0.10 0.07 0.05 0.03
and θ is the angle from the slit to the edge of the grating. The majority of spectrometers have
F/value ≥ 2, and therefore the small angle approximation can be used,
sin Ω ≈ Ω , tan Ω ≈ Ω, and tan Ω ≈ sin Ω. (4.24)
Therefore, the F/value can be related to sin Ω,
F/value =
1
2 sin Ω
=
1
2NA
. (4.25)
Table 4.2 shows the relation to the half angle andNA for various F/values. It is obvious
that very small NA is needed to couple light into a spectrometer.
To demonstrate the capability of the system in terms of spectral resolution, a Princeton
Instruments Acton Spectra Pro 2300i spectrometer was used to analyze the light spectrum
collected from a calibration lamp. The specifications of the spectrometer include a maximum
spectral resolution (FWHM) of 0.059 nm (centered at 634 nm with a 1200 L/mm grating),
an F/value of 3.9, and a 13.5 µm CCD pixel size. In order to achieve maximum spectral
resolution, the entrance aperture must match the pixel size of the CCD (13.5 µm).
One method of coupling the collected light into the spectrometer would be a direct in-
corporation of the emission from the collection fiber at the entrance aperture. The 6 µm
collection fiber core ensures that the maximum spectral resolution of the CCD detector is
utilized. However, the NA of the fiber (0.14) is greater than the NA of the spectrometer
(0.128) and some of the light will be lost.
In order to match the NAs, we utilize a series of lenses to image the fiber onto the spec-
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trometer aperture. The image of the 6 µm fiber source is easily achieved on the spectrometer
aperture of 13.5 µm without loss of signal. Figure 4.10 demonstrates the high spectral reso-
lution of the fiber imaged on the slit with a neon calibration lamp. For this measurement, the
slit was opened to 100 µm to ensure that all of the emission from the fiber entered the spec-
trometer. The 0.064 nm FWHM of the sharpest peak shows that the instrument is performing
near the theoretical maximum resolution of 0.059 nm for this wavelength range. This clearly
demonstrates the advantage of point source coupling to the spectrometer in which the max-
imum spectral resolution is obtained without the loss of signal. The signal strength is then
determined by the collection efficiency, which will be discussed next.
4.4.4 Performance in Terms of Throughput
The collection efficiency Γ(θ) of light is defined as the ratio of the collected solid angle (Ωcol)
to the total collectable solid angle (Ωmax) emitted from a source,
Γ(θ) =
Ωcol(θ)
Ωmax(θ)
. (4.26)
In spherical coordinates, Γ(θ) only depends on θ and not φ due to the circular symmetry of
the objective lens (this will be shown in more detail later). This symmetry can be seen in
Figure 4.11. For CL and PL, the light source is a highly defined point on the surface of a
luminescent sample being irradiated by an electron or laser beam. The source is mounted on
a flat stage, making the total collectible solid angle a half sphere with the radius emerging
from the focal point of the objective such that
Ωmax(θ) = 2pi. (4.27)
The light collection solid angle is the objective projection by the point source on the
surface of a sphere, and can be calculated by the following integral:
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Figure 4.10: The spectrum associated with an Oriel Instruments neon calibration lamp that
is coupled to the spectrometer through the collection fiber. The inset is a magnified view of
the 633.44 nm peak to show the high spectral resolution of the combined excitation setup
without loss of signal from the slit.
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Ωcol(θ) =
∫∫
dA =
∫ θ
0
∫ φ
0
sin θ dθ dφ. (4.28)
All microscope objectives have a circular symmetry that can easily be projected onto
the surface of a sphere. The bounds of integration are determined by placing the circular
objective in the z plane with the z axis as the center of the circle as shown in Figure 4.11.
The projection symmetry indicates that the bounds of φ will always be 0 and 2pi,
Ωcol(θ) =
∫ 2pi
0
∫ θ
0
sin θ dθ dφ. (4.29)
Integrating over these coordinates we get
Ωcol(θ) = 2pi · (1− cos θ). (4.30)
Using the results from Eqs. 4.26, 4.27, and 4.30, we obtain the collection efficiency of
the instrument,
T (θ) =
Ωcol(θ)
Ωmax(θ)
= 1− cos θ. (4.31)
The θ in Eq. 4.31 is the same angle associated with the NA. A collection angle of 9.6◦
was calculated from the effective objective NA of 0.17. This gives a collection efficiency
of 1.4%. Despite the seemingly low numerical value for the collection efficiency, very high
signals were collected by this optical setup compared to our older parabolic mirror setup
with a closed spectrometer slit. It should further be noted that this value is identical to the
value one would obtain for a regular confocal microscope. To make this point more clear,
we demonstrate in Figure 4.2 that the throughput of the instrument is sufficient to collect
Raman spectra, which are typically hard to detect. Indeed, the intensity of the Raman spectra
collected by this apparatus is comparable to a commercial Raman instrument with the same
NA.
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Figure 4.11: A point source emission located at the origin with an objective depicted as
a circle parallel to the x-y plane and centered on the z-axis. The collection efficiency is
determined by the percentage the emission cone (with the emission at its apex and objective
as its base) overlaps a half sphere centered at the origin.
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In summary, our tests demonstrate that we successfully implemented a PL and Raman
microscope into an SEM, and that it performs as well as a standard confocal microscope with
the same NA while still allowing for simultaneous electron beam irradiation and collection
of CL signals.
4.4.5 Setup Improvements
Future improvement of the setup relies on maximizing the NA of the objective resulting in
a higher spatial resolution and collection efficiency. As was discussed earlier, under filling
the back aperture of the lens reduces the effective NA. The NA listed for a commercial
objective assumes that all of the light passing through the back aperture will be collected.
Light collected by the objective at the focal point is collimated and travels as a beam with a
diameter of the back aperture. In confocal microscopy, the radius of the cross section of a
light beam to be collected by the fiber (r) is dependent on the acceptance angle of the fiber
(θf ) and the focal length (fl) of the coupler lens,
r = fl tan(θf ). (4.32)
Matching the radius of the back aperture of the objective to that of the acceptance angle of
the fiber/coupler system is important to ensure the best collection efficiency. A smaller fiber
collection radius decreases the effective NA of the objective, which reduces the collection
efficiency and the resolution. A fiber/coupler systems that is able to accept collimated light
with a radius defined by the back aperture of the objective is needed to improve the resolution
of the system. This can easily be implemented with the purchase of the proper parts.
The current objective has a low NA (0.3), thus other objectives have been considered.
Mitituyo infinity corrected lenses provide both a large working distance with a high NA.
The large size of these objectives (100 mm from the back aperture to the focal point) make
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Figure 4.12: The future modification of the objective end of the combined excitation micro-
scope. A 45◦ mirror will be placed in front of the focusing end of the microscope to deflect
the beam in the same direction as the electron beam. The ability to scan the sample becomes
much easier as the two beams propagate in the same direction.
them difficult to utilize inside the SEM. However, the distance from the back aperture to the
focal point can be shortened by placing a 45◦ mirror to deflect the focussing beam in the
same direction as the electron beam. This is shown in Figure 4.12. The ability to scan the
sample with respect to the electron and laser beam becomes easy since they are propagating
in the same direction. These modifications of the instrument will utilize an objective with a
NA = 0.7, thereby increasing both the spatial resolution by a factor of 5 and the collection
efficiency to 28.6%, accounting for ∼20x more signal.
4.5 Conclusions
Confocal microscopy techniques applied to electron microscopy have been utilized to com-
bine the complimentary techniques of CL and PL. Unlike commercial CL setups, this device
uses a point-by-point analysis by limiting the collection area to the diffraction limited spot
of a confocal microscope. The advantage of this is that a well-established point source can
be imaged onto the slit of a spectrometer creating the opportunity to have high spectral res-
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olution without the loss of signal. This is useful for materials that emit sharp spectral lines
and/or band shifts which require high spectral resolution.
This instrument will enable a wide variety of studies in which the link between laser and
electron beam irradiation of samples is of interest. In addition to the combination of PL and
CL studies, the structural information from SEM measurements can also be combined with
those from Raman spectroscopy. Overall, we have shown the feasibility of a high spatial
resolution fiber-based combination of confocal microscopy/spectroscopy and electron beam
irradiation.
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Chapter 5
Cathodoluminescence and
Photoluminescence Analysis of Eu:GaN
This chapter will analyze the ability for electron hole pairs (EHPs) to excite different Eu ion
incorporation sites in GaN. We discussed in section 3.1 the definition of a RE ion incorpora-
tion site and the 8 different Eu incorporation sites depicted in Figure 3.2. We also discussed
that the phonon-assisted excitation intensities give us the best results for the relative numbers
of each incorporation site. We will compare these intensities to those of the cathodolumi-
nescence spectra (CL). This is done to relate the number of sites to the ability for the sites to
absorb energy from EHPs through the proper excitation channel. To simplify the problem,
we will only analyze two incorporation sites (labeled Eu1 and Eu2) since they dominate the
total above band gap Eu emission.
5.1 Sample Preparation
The samples used in this study were grown on sapphire (0001) substrates by OMVPE (Taiyo
Nippon Sanso SR-2000). Each sample consists of a 10 nm thick GaN capping layer, a 400
nm thick GaN:Eu layer, a 2-3 µm thick undoped GaN layer, and a 30 nm thick GaN buffer
layer grown on a sapphire (0001) substrate. The reactor pressure was maintained at 10 kPa
for the sample using a growth temperature of 1050 ◦C. The sample growth temperature led
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to a Eu concentration within the active layer of 7 · 1019 cm−3. This was the brightest sample
of a series of samples grown with the same growth conditions, but varying temperatures (900
◦C - 1050 ◦C). Further details of growth for all of the samples are shown by Nishikawa et
al. [17].
We used a tunable dye laser with a 15 mW maximum sample power that was tuned be-
tween 568 and 588 nm (2.11 and 2.18 eV) in order to excite electrons in the 4f shell from
their ground state (7F0) to the 5D0 state. The emission was collected by a CCD equipped
monochromator and is associated with a relaxation from the 5D0 to the 7F2 state. The tuning
of the dye laser between these wavelengths was used to create the combined excitation emis-
sion spectroscopy (CEES) 2D maps. All of the CEES scans in this chapter were performed
in a helium cryostat with temperatures close to 4K.
5.2 Comparison of Eu Incorporation Sites
Figure 5.1 shows the phonon-assisted excitation region of Eu:GaN with 569-573 nm exci-
tation wavelengths. The absorption probability for this region is much higher than for the
zero-phonon region and the intensities of the sites give us the best results for the relative
numbers of the various incorporation sites. Table 5.2 shows the total integrated intensities
for each incorporation site detectable in this region with the percent of the total intensity
related to each site. These percentages give a good idea of the actual percentage of Eu ions
occupying each particular site.
The two sites of interest for the majority of these experiments are Eu1 (OMVPE4) and
Eu2 (OMVPE7). They have been renamed in this manner to be consistent with O’Donnell et
al. [23] and to recognize that they are the two pertinent Eu incorporation sites when dealing
with above band gap excitation. The advantage of our PL experiments is that we can excite
each site individually without exciting any of the other sites. Therefore, we can identify the
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Figure 5.1: The phonon-assisted region CEES scan of a Eu:GaN sample. The horizontal
lines indicate the excitation energies/wavelengths for the Eu1 and Eu2 site. These two sites
play a major role in the emission associated with EHP recombination.
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Figure 5.2: The emission profiles of Eu1 and Eu2 shown by a resonant direct excitation of
each site. These profiles will be compared to an above band gap excitation in which all of
the Eu incorporation sites are excited.
exact emission spectrum related to each site, which proves its usefulness when analyzing
an above band gap excitation spectrum since all of the sites are excited with this method.
The 1-D emission signatures (the horizontal line profiles shown in Figure 5.1) for Eu1 and
Eu2 are shown in Figure 5.2. It should be noted that the Eu1 emission has a dominant peak
emission energy of ∼1.9931 eV and a secondary peak energy of ∼1.9902 eV. The Eu2 site
has a dominant emission energy of ∼1.9959 eV. The comparison of these emission spectra
will be necessary for the CL analysis in the next section.
The Eu1 site is responsible for 91% of the emission with a phonon-assisted excitation
and we assume that it is the most prevalent Eu site in GaN. The other sites (OMVPE 1-3,
4-6, 8) exhibit stronger emissions in the zero-phonon region due to different symmetries of
the Eu ions. A polarized excitation experiment has been performed to gauge the symmetry
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Table 5.1: The relative emission intensity related to the phonon-assisted excitation in the
region of the A1(TO) phonon.
Eu incorporation site Percent of Integrated Intensity
OMVPE1 0.43%
OMVPE2 0.83%
Eu1 (OMVPE4) 91.12%
OMVPE6 5.22%
Eu2 (OMVPE7) 2.40%
of each site.
5.2.1 Polarization Dependent Measurements of Eu:GaN
In this section we will look into the absorption cross section defined by the excitation
source polarization for the zero-phonon 7F0 → 5D0 transitions. Although the selection rule,
∆J = 0, strictly forbids the 7F0 → 5D0 transition, and the emission is extremely weak in
most environments, there is a unique case in which there is a very strong third order scalar
contribution [77]. This allows for an excitation with a specific circumstance first proposed
by Wybourne [78]. For crystals withCnv symmetry, the excitation is more allowed forE ⊥ c
or a pi polarized photon excitation. For most of the studies performed in this work, the sam-
ple is positioned in such a way that the focused light travels in the direction of the c-axis,
making a pi polarization impossible and only allowing a σ polarization (E‖c). This explains
the incredibly weak 7F0 → 5D0 zero-phonon excitations for Eu in C3v GaN.
An altered setup was designed to allow the excitation light to travel in a direction per-
pendicular to the c-axis. This allows us to use polarizers to distinguish between a pi and σ
excitation. The previous studies (using σ excitation) showed a very weak emission with a
zero-phonon direct excitation. By comparing the cross-sections (emission intensities) for pi
and σ excitations, we can analyze how close each incorporation site is to Cnv symmetry.
Figure 5.3 shows the CEES data under a σ and pi polarized zero-phonon excitation. We
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Table 5.2: The comparison of the absorption cross section between pi and σ excitation for
each identifiable site in the zero-photon excitation region shown in Figure 5.3. The pi
σ
ratio
is proportional to the degree of C3v symmetry of the Eu ion. Eu2 was undetectable for both
pi and σ excitations.
Eu incorporation site pi σ pi
σ
σ
pi
OMVPE1 1518.7 471.3 3.22 0.31
OMVPE2 280.0 293.1 0.96 1.05
OMVPE3 120.0 68.8 1.75 0.57
Eu1 (OMVPE4) 11057.0 262.5 42.12 0.02
OMVPE5 164.6 59.8 2.75 0.36
OMVPE6 74.3 151.6 0.49 2.04
Eu2 (OMVPE7) NA NA NA NA
OMVPE8 631.6 39.4 16.03 0.06
New Site1 248.4 78.2 3.18 0.31
New Site2 248.4 78.2 3.18 0.31
have identified two new sites that have been undetectable with our previous experiments
using only σ-excitation. We have labeled these sites New Site1 and New Site2. This is
expected since an increase in the absorption cross section occurs with a pi excitation if the
Eu ion is in Cnv symmetry.
Table 5.2 shows the intensity comparison of the sites that are identified in Figure 5.3. The
ratio of pi and σ excitation absorptions, pi
σ
, is proportional to the crystalline symmetry around
the Eu ion. Larger values of pi
σ
for each site define a higher Cnv symmetry. We interpret this
as a more unperturbed Eu, since a Eu on a Ga or N site would have C3v symmetry.
The behavior of OMVPE2 and OMVPE6 do not follow this pattern. Instead, the σ ex-
citation is more intense than the pi excitation, which is not expected in C3v GaN. This type
of behavior is evidence of a Eu ion that is in Cs symmetry [77]. The explanation of this
behavior is still not well understood, but could be due to a Eu ion that is positioned in a
region of the crystal that has more Cs characteristics than C3v. This is interpreted as a severe
perturbation.
The large pi
σ
value for Eu1 suggests that Eu1 has C3v symmetry. We have also shown
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that Eu1 is the most prevalent site, which means that it is the most probable place for Eu to
incorporate itself in GaN. The higher probability indicates that it should be the lowest energy
and least perturbed place for the Eu ion to be situated. In Section 2.2, we discussed that most
Eu ions in GaN position themselves on a Ga site that can be next to a nitrogen vacancy.
Therefore, Eu1 is interpreted as a Eu on a Ga site with a potential N vacancy.
Unfortunately, the Eu2 site has not been detected in the zero-phonon region. This site
can only be detected in the 66meV phonon-coupled region. These results indicate that Eu2
is most likely not correlated with C3v or Cs symmetry. This is further evidence of our Eu2
model, which is contrary to Roqan et al.’s model. Rogan et al. believe that the Eu2 is an
unperturbed Eu on Ga site, while we believe that Eu2 can couple to a deep-trap state and
must be perturbed. The exact nature of this site is still under debate.
The polarization dependent excitation experiments have been utilized to investigate the
nature of the several different Eu incorporation sites in GaN. Identifying the exact nature
of these sites is complicated due to the large number of them. It should be noted that the
number of Eu1 sites that exist in GaN is much higher than the number for all other sites and
can be recognized as the Eu on Ga site with a potential N vacancy. All of the other sites are
most likely improbable configurations, but are formed in sufficient numbers to be detectable.
5.2.2 Power Dependent Cathodoluminescence Analysis of Eu:GaN
Power dependent CL experiments have been performed to investigate the saturation behavior
of Eu sites in GaN with electron hole pair (EHP) excitation. If all of the sites absorb energy
from EHPs equally, we should see an equal linear progression of luminescence intensity from
each site. We will show that this is not the case, suggesting that each Eu site is associated
with an EHP excitation pathway and that some of these pathways are more effective than
others.
We have discussed earlier that the Eu1 site accounts for approximately 91% of all Eu
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ions in GaN. Therefore, we should expect that this will be the most dominant emission at all
power densities if each site absorbs energy from EHPs equally. Also, Eu1 should saturate at
much higher excitation densities than the other sites.
Figure 5.4 shows the CL spectra associated with high and a low power densities. The
sites that contribute to most of the CL signal are the Eu1 and Eu2 sites. All of the other sites
do not contribute to the luminescence significantly and can be neglected. This study used
a 10kV accelerating voltage and a defocused electron beam with a diameter of 200 µm to
ensure the entire thickness of the active region was excited and that the electron density in
the effective collection area was constant. The collection device used in this particular study
was a Gatan MonoCL1 system equipped with a parabolic mirror to collect and deflect the
emission into a spectrometer. The sample was mounted on an Oxford low-temperature stage
and the recorded spectra were taken at a temperature of 30K.
The low power CL spectrum (10 nA) shows a significantly different emission profile than
the high power spectrum (500 nA). At 500 nA, the CL spectrum was saturated, in which an
increase in electron beam current did not increase the CL luminescence. Hence, all of the Eu
ions that could be excited by EHPs were excited.
Underneath the CL spectra are the corresponding emission signatures of Eu1 and Eu2.
The Eu2 PL spectrum was placed underneath the low power spectrum because it is the most
dominant Eu emitter at these power densities. This is also why the Eu1 PL spectrum was
placed underneath the high power spectrum. The dominance of the Eu2 site at low power
densities is unexpected since it only accounts for ∼ 3% of the Eu ions.
As the power density (i.e. the density of EHPs) is increased, the ratio, Eu2
Eu1
, also de-
creases. Woodward et al. [81] have identified that only the Eu2 emission signature can be
identified with a low power density above band gap PL source (325 nm excitation source).
This has not yet been identified with CL techniques with accelerating voltages above 1 kV.
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Figure 5.4: Two different CL spectra taken at an electron beam current of 10 nA and 500
nA. The PL spectra from Figure 5.2 of Eu1 and Eu2 are placed underneath the CL spectra to
compare their emission profiles.
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The unexpected dominance of the Eu2 emission at lower power densities shows that the Eu2
site is a more efficient EHP recombination center than Eu1. Further evidence of this is shown
in Figure 5.5, in which a steeper slope exists for Eu2 at lower power densities. The domi-
nation of Eu1 at higher power densities is expected since there are more Eu1 sites than Eu2
ones.
Our CEES measurements suggest that the Eu2 site can be linked to a deep trap in the
GaN lattice. This deep trap is associated with a GaN defect state that couples with the Eu
ion. The presence of the trap in the vicinity of Eu2 may enable it to absorb energy from
EHPs more easily than a shallow trap can. This is significant evidence that there may be a
link between EHP excitation of Eu ions (and other RE ions) and excitation pathways defined
by defect states in the band gap.
Although further analysis is necessary, there is evidence that Eu2 can couple to defect
states of GaN responsible for the so-called yellow luminescence (YL) [27,29,82–86]. There
are several pieces of evidence that support this hypothesis:
1. Depending on the growth conditions, Eu2 can be excited throughout the entire excita-
tion range used in our CEES measurements, which correlates to the excitation range
for the energy levels responsible for the YL in GaN. Therefore, these excitation ener-
gies can excite these deep-level defects that can transfer their energy to Eu2.
2. The power dependent CL measurements of Eu:GaN show that Eu2 is a more efficient
EHP absorption center than Eu1, making its emission the dominant feature of a low
power density CL experiment. At higher power densities, the emission from Eu2 satu-
rates before Eu1. This same behavior has been observed for the YL in GaN. Basically,
the YL is the most dominant feature of a low power density above band gap excitation.
Only at higher power densities does the band-edge emission dominate the spectrum
due to the YL saturation [85, 86].
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Figure 5.5: The CL intensity of the peaks associated with the Eu1 and Eu2 sites with respect
to the electron beam current.
These are good pieces of evidence that support this model, however, future experiments
that were not conducted in this work must be done to validate this hypothesis.
Another important observation from Figure 5.4 is that there is still a significant contri-
bution of Eu2 even though there is approximately 45x more Eu1 ions than Eu2 ions. This
shows evidence that not all of the Eu1 ions are able to be excited by EHPs (this observation
is further validated in Section 6.2 with the use of the combined PL and CL excitation). To
analyze this further, Figure 5.5 compares the intensity of the dominant Eu1 (1.9931 eV) and
Eu2 (1.9959 eV) peaks for different CL electron beam currents.
With saturated conditions, the intensity of the Eu1 peak is approximately two times more
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intense than the Eu2 peak. This is not consistent with our CEES measurements in which
we have predicted that there are approximately 45x more Eu1 ions than Eu2 ions. This is
evidence that only 5% of the Eu1 ions are being excited by EHPs.
Overall, Eu1 is not the most efficient EHP absorption center, and there is evidence that
not all Eu1 centers can absorb energy from EHPs. It is important to understand why Eu2 can
be excited by EHPs much more easily than Eu1. Further investigation will help us understand
the nature of these sites and help us answer important questions that will give us insight on
how to engineer Eu:GaN samples with sites that can easily be excited by EHPs.
5.2.3 Quantitative Evaluation of Eu Saturation
The saturation behavior of Eu ions shown in Figure 5.5 can be quantitatively explained with
a simplified rate equation. For clarity, Figure 5.6 shows a pictorial representation of the
parameters discussed in this derivation. Let us assume that the excitation and emission occur
from two states, a ground state and an excited state. The rate of change of the number of Eu
ions in the excited states (dN2
dt
) is dependent on the rate of excitations (dN1→2
dt
) and emissions
(dN2→1
dt
),
dN2
dt
=
dN1→2
dt
− dN2→1
dt
. (5.1)
The excitation is dependent on the EHP generation rate (g(I)), the number of Eu ions in
the ground state (N1), and the probability for an EHP to transfer its energy to a Eu ion (κ). κ
is composed of two probabilities that cannot be distinguished with these calculations,
κ = κT · κEu. (5.2)
κT is the probability for an Eu coupled trap to absorb energy from an EHP and κEu is the
probability that the Eu coupled trap will excite the Eu ion. The emission is dependent on
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Figure 5.6: A pictorial representation of the Eu excitation mechanism in GaN. EHPs are
created at a rate determined by the EHP generation rate (g(I)). Some of these EHPs will
recombine in other ways that do not excite the Eu ions. Therefore, there is a probability that
a Eu ion will be excited by an EHP (κ). This results in an excitation (dN1→2
dt
) followed by an
emission (dN2→1
dt
).
the relaxation rate (k) and the number of Eu ions in the excited state (N2). We can use these
parameters to transform Eq. 5.1 into
dN2
dt
= N1κg(I)− kN2. (5.3)
For every power density, we have a steady-state solution (dN2
dt
= 0). This gives
kN2 = N1κg(I). (5.4)
The Eu emission is proportional to N2. Therefore, a solution in terms of N2 is ideal. The
fact that NEu = N1 +N2 is used to simplify the solution,
kN2 = (NEu −N2)κg(I). (5.5)
Therefore,
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N2(g(I)) =
κNEug(I)
κg(I) + k
. (5.6)
The number of Eu ions in the excited state determines the intensity of emission (a Eu ion
in an excited state will always relax to the ground state at a rate k). To test the validity of this
equation we will take the limit as the electron beam current (I) goes to infinity which mean
the EHP generation rate (g(I)) also goes to infinity,
lim
g(I)→∞
κNEug(I)
κg(I) + k
= NEu. (5.7)
Therefore, NEu is the maximum number of Eu ions that can be in the excited state. This
is expected.
Eq. 5.6 with g(I) = βI has been successfully used to fit the power dependent CL data.
This gives us good results since we know that g(I) ∝ I and that β is always the same. This
is shown in Figure 5.7 with the parameters listed in Table 5.3. The larger β · κ value for Eu2
shows that it is a more efficient EHP recombination center than Eu1. Also, the larger NEu
value for Eu1 shows that Eu1 is the majority site. However, the ratio ofNEu for Eu1 and Eu2
is not the same as the PL results. Therefore, a higher percentage of Eu2 ions can be excited
by EHPs compared to Eu1 ions. This will be further evaluated in Chapter 6 with a combined
excitation experiment.
site NEu β · κ k
Eu1 7050 96 4200
Eu2 4151 202 4200
Table 5.3: Eq 5.6 parameter values used to fit the power dependent CL data in Figure 5.7 with
k kept constant to match Eu decay rates found by Nyein et al. [87]. The units for NEu are
arbitrary units because NEu scales with the emission intensity. The units for β are 1Amps·sec .
The units for k are 1sec . κ does not have units because it is a probability.
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Figure 5.7: The power dependent CL data with fit functions overlaid. The data was fit to
Eq 5.6 with k kept constant to match standard Eu decay rates found by Nyein et al. [87].
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5.2.4 Voltage Dependent Cathodoluminescence
In Section 3.2, we discussed the dependence of the electron beam accelerating voltage on
the penetration depth of the electrons. This section demonstrates how a change in the accel-
erating voltage can be used to do a depth analysis of Eu:GaN.
The electron beam power density is dependent on the effective excitation volume of
the penetrating electrons and the beam current. For this experiment, a defocused Gaussian
electron beam with a full width half maximum (FWHM) of 35 µm was used. Due to the
optics of the setup described in Chapter 4, the collection of the signal is of Gaussian shape
with a FWHM of 1.94 µm.
The percentage of the current that is incident within the collection area can be defined by
I% =
∫ a/2
−a/2 F (x)dx∫∞
−∞ F (x)dx
, (5.8)
where I% is the percent of current in the collection area, F (x) is the Gaussian function that
defines the distribution of the electrons on the sample, and a is the FWHM of the collection
area. Using this equation, it was found that 7% of the electron beam current is distributed
in the collection area. Therefore, if we assume the density of current to be constant in
this region with a cylindrical excitation volume, the following equation describes the power
density (σ(ib, Eb)) in W/µm2
σ(ib, Eb) =
Eb · ib
Re · (1.12)2 , (5.9)
where Re is the electron penetration depth described in Equation 3.5. Because
Re ∝ E1.67b , (5.10)
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σ(ib, Eb) ∝ Eb · ib
E1.67b
. (5.11)
These accelerating voltage experiments maintained a constant power (i.e. ib · Eb = C),
making the power density
σ(ib, Eb) ∝ 1
E1.67b
. (5.12)
Therefore, lower accelerating voltages have higher power densities than larger ones. In fact,
the expected Eu2:Eu1 ratio was calculated using Eq. 5.6 with the fit parameters shown in
Table 5.3. However, instead of using g(I), we used g( 1
E1.67b
) as our EHP generation rate with
g( 1
E1.67b
) = C
E1.67b
. This is necessary because the EHP generation rate is proportional to the
power density, and the power density is proportional to I in the previous experiment. The
resulting function is
Eu2
Eu1
=
8.05 · 107 · C
E1.67b
+ 8.48 · 105
1.37 · 108 · C
E1.67b
+ 4.03 · 105 . (5.13)
Therefore, Eu2
Eu1
is expected to have its lowest value for a low accelerating voltage (high power
density). The experimental results (Figure 5.8) show that even with higher power densities,
there is a higher ratio of excited Eu2 than Eu1. This can be interpreted as a higher density of
Eu2 at the surface and indicates that Eu2 may be associated with a surface defect.
5.3 CL and PL Analysis Conclusions
We have investigated the nature of Eu:GaN to engineer a high efficiency all GaN red LED
for commercial use. To this end, we use CL and PL to identify different incorporation sites,
calculate the relative numbers of each site, understand the nature of energy transfer from
EHPs to Eu ions, and determine why some sites absorb energy from EHPs better than others.
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Figure 5.8: The experimental and expected ratio of the intensities, Eu2:Eu1, with respect
to the accelerating voltage. A constant power density, i.e. Eb ∗ ib = C was used for these
experiments. The expected curve was calculated using the fit parameters in Table 5.3 and
Eq. 5.6. The expected curve function is Eq. 5.13 with C=1.
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The emission signatures from the CEES scans can be related to the CL spectra in order to
identify the sites that are more efficiently excited by EHPs. These experiments relate best to
a commercially operating Eu:GaN device since both methods rely on EHP recombination as
the source of excitation. It has been shown that there exist two Eu incorporation centers that
contribute to most of the emission associated with this excitation. They have been identified
as Eu1 and Eu2, formerly known as OMVPE 4 and OMVPE 7, respectively [81].
PL results have shown Eu1 to be the most abundant site accounting for approximately
91% of all the Eu ions. Despite this, the CL results show that Eu1 is not an efficient EHP
recombination center and that Eu2 can absorb energy from EHPs much more efficiently than
any other Eu ions. From our voltage dependent CL experiments it can also be noted that Eu2
may be related to a surface defect.
The knowledge of the exact atomic structure around Eu2 would prove its usefulness
since samples can be grown in specific conditions such that the Eu2 configuration would
be favored. Also, the exact nature of the excitation process would give insight on how to
engineer other Eu sites that are also highly efficient. We have recognized that the Eu:GaN
samples used in this study can be improved upon, making a higher efficiency and brighter
Eu:GaN possible with more suitable growth techniques that favor the high efficiency Eu
incorporation sites.
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Chapter 6
Combined Excitation Analysis of
Eu:GaN
The experimental apparatus capable of simultaneous electron and laser beam excitation dis-
cussed in Chapter 4 will be used in this chapter to analyze important aspects of Eu sites in
GaN. In the previous chapter, we noted that each Eu incorporation site has a different prob-
ability of being excited by EHPs regardless of the occupation numbers of each particular
site. In fact, the Eu2 site which has a lower occupation number has the highest probability
of excitation. Therefore, there must be GaN states coupled to Eu ions responsible for Eu
absorption of energy that determine the probability of EHP excitation for each site (i.e. there
exists a GaN related excitation pathway for the EHP-Eu excitation process). This chapter
will analyze these mechanisms.
Under saturated CL conditions, the ratio of the Eu1:Eu2 CL peak intensities does not
equal the number ratio of these specific sites. In fact, the CL intensity ratio is smaller than
the relative number ratio by a factor of approximately 15. This is evidence that maybe not
all of the Eu1 ions can be excited by EHPs. The combined excitation experiment will also
analyze the validity of this hypothesis.
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6.1 Sample Preparations
The two samples used in the experiment described in this chapter were grown by OMVPE
at 1050 ◦C under two different pressures (10 kPa and 100 kPa) and have a Eu concentration
of 7 · 1019 cm−3 and 3 · 1019 cm−3 respectively. The first of these samples is the one that
is discussed in Section 5.1. For more information on the growth of these samples can be
found in Nishikawa et al. [17] [88]. It has been reported that active layers grown under high-
pressure (HP) exhibit the better performance in electroluminescence (EL) devices despite the
lower Eu concentration and emission spectra that exhibit more disorder and line broadening
[88]. It is one of the purposes of this work to explain this behavior.
Both samples were coated with a 5 nm Au/Pd layer deposited by a sputter coater to
minimize the electron beam induced charging effects. They were mounted on a copper stage
coupled to a cold finger of an Oxford helium low temperature SEM stage by a copper braid.
All measurements were done at 100K.
The SEM was used with a defocused spot mode with a 10 kV accelerating voltage in
order to ensure the entire effective collection volume was excited. For combined excitation
experiments, a dye laser tuned between the wavelengths of 569 and 573 nm was used. The
nature of the confocal microscope ensures that the laser excitation is overlapped with the
collection area. This concept ensures a good overlap of the electron and laser beams.
6.2 Resonant Laser Combined Excitation
This section will be investigating the effect of a laser and electron beam excitation when the
laser is tuned to resonantly excite Eu1 with a phonon-coupled transition. The laser remains
at a constant excitation energy and power while the current of the electron beam is varied.
The laser excitation excites very few of the Eu ions due to their small absorption cross-
sections and does not contribute to any saturation behavior. On the other hand, with high
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enough electron beam excitation densities, the Eu ions can be saturated. Under saturation
conditions, the laser should not be able to excite any additional Eu ions. Overall, higher EHP
concentrations will lead to more Eu ions being excited, making them unavailable for laser
excitation.
6.2.1 Calculation of the Number of Excited Eu Ions by Electron Beam
Irradiation
Figure 6.1 shows three spectra: (1) a resonant laser excitation tuned to excite the Eu1 site,
(2) an electron beam excitation, and (3) an excitation of both the electron and laser beam for
a low electron beam power density (26 pA
cm3
). The low electron beam power density excites a
small fraction of Eu ions, leaving many available for laser excitation. This is clear since the
combination signal is much more intense than the CL signal.
When the CL spectrum is subtracted from the combined spectrum, we are left with a
spectrum that shows the change in the CL intensity with the addition of the laser. This is
useful because we can compare the relative fraction of excited Eu ions for different electron
beam power densities.
Figure 6.2 shows the PL spectrum compared to the subtraction of the CL from the com-
bined spectrum. The result is the contribution of the laser with simultaneous electron beam
irradiation. It can be seen that the laser produces 75% of the excitation it would have without
simultaneous electron beam excitation. Therefore, the electron beam is exciting only a few
Eu ions with this power density leaving many still available for laser excitation. We can look
into this more quantitatively by defining the combined excitation spectrum by
PLce = PL− Euebexc · PL, (6.1)
where PLce is the increase in the emission with the addition of the laser, PL is the PL
intensity, and Euebexc is the fraction of Eu ions excited by the electron beam. According to
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Figure 6.1: The PL, CL, and combined excitation with a 10 nA, low power density, electron
beam current. The legend lists the spectra with the brightest on top and weakest on the
bottom. The ”combination” signal is much more intense than the CL signal suggesting that
only a few Eu ions are excited by the electron beam.
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Figure 6.2, PLce = 0.75 · PL. The results from these data suggest that the electron beam
is exciting 25% of all the Eu1 ions at this power density (26 pA
cm3
). This calculation is not
complete because another effect that will be discussed in the next section was neglected.
This effect is a laser induced degradation of the CL signal with the laser excitation tuned to
the wavelengths used in these studies. This effect can also explain why the 1.9959 eV peak
for the ”(CL+PL)-CL” spectrum shown in Figure 6.2 has a slightly different shape than the
corresponding peak in the PL spectrum.
At this CL power density, the Eu2 emission is a substantial component of the lumines-
cence. The emission from Eu2 overlaps the 1.9959 eV Eu1 peak, which is also decreased
with the addition of the laser (explained in the next section). For Figure 6.2, the laser was
tuned to only resonantly excite the Eu1 site in which the Eu2 ions were not resonantly ex-
cited. Instead, the EHP excitation of Eu2 was inhibited by the additional laser excitation.
Therefore, the 1.9959 eV peak for the ”(CL+PL)-CL” is a combination of the laser induced
reduction in the EHP excitation of Eu2 and a resonant excitation of Eu1.
We discussed previously that Eq. 6.1 is not complete. To properly calculate the excited
Eu1 percentage another factor has to be added into Eq. 6.1 that accounts for this decrease in
signal,
PLce = PL− Euebexc · PL− b or Euebexc =
PL− PLce − b
PL
, (6.2)
where b is the decrease in the CL signal with the addition of the laser. From the experimental
data shown in Figure 6.4, the Eu1 CL signal decreases by a factor of 9.6·10−3 with additional
laser excitation, which is equivalent to 7% of the PL signal (b = 0.07 · PL). Now we can
more accurately calculate the percent of the Eu1 ions excited by the electron beam using
Eq. 6.2:
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Figure 6.2: The PL spectrum of a resonant excitation of Eu1 compared to the combined
minus the CL spectra. The PL spectrum multiplied by a factor of 0.75 is also displayed to
show that the effective PL intensity with combined excitation is 75% of its original value.
0.75 · PL = PL− Euebexc · PL− 0.07 · PL (6.3)
and
Euebexc = 0.18 = 18%. (6.4)
Therefore, ∼ 18% of the Eu1 ions are excited by the electron beam with a 26 pA
cm3
power
density.
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6.2.2 Saturated CL with Combined Resonant Laser Excitation
We discussed in Section 5.2.2, particularly Figure 5.5, that the ratio of the intensity of the
Eu1 and Eu2 peaks with a saturated CL signal suggests that not all of the Eu1 ions are able
to be excited by EHPs. We can easily probe whether or not all of the Eu1 ions are excitable
by EHPs with the combined excitation techniques developed in Chapter 4. To do this, a
high power density electron beam is used to saturate the Eu emission with a simultaneous
resonant laser excitation.
Figure 6.3 shows that the peaks associated with Eu1 in the CL spectrum increase with
the addition of a laser. Therefore, the laser still has the ability to excite Eu1 ions despite the
fact that all of the Eu ions that can be excited by EHPs are excited by EHPs. It is clear that
there still exists a significant number of Eu1 ions available for direct excitation by the laser.
This concludes that only some of the Eu1 sites can be excited by EHPs in this sample.
The overall goal of these experiments is to determine Eu:GaN characteristics that favor
a high efficiency Eu:GaN red LED. In order to achieve the best LED, it is necessary that
all of the Eu ions are able to be excited by EHPs and that the EHPs transfer their energy
to the Eu ions before any other recombination process. These data have shown that the Eu1
incorporation site is not a desirable Eu site in GaN for these applications. Therefore, samples
need to be grown in such a way to increase the efficiency of Eu1 centers and/or incorporate
other sites that are easily excitable by EHPs.
6.3 Non-resonant Laser Combined Excitation
In addition to a combined excitation with the laser tuned to a wavelength such that it res-
onantly excites the Eu ions, an interesting effect occurs as a result of a non-resonant laser
irradiation with combined excitation. As stated previously, the laser was tuned between
wavelengths of 568-588 nm (2.11-2.18 eV) for these experiments. These excitation energies
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Figure 6.3: The effect of a resonant laser excitation on a saturated CL signal
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are used to resonantly excite specific Eu sites, but can also excite deep and shallow-level
defect states in GaN.
These defect states behave much differently than the Eu ions. With RE ions, the excita-
tion is based on the individual atomic configurations of each RE ion and relates to a transition
from a ground state to an excited state in the 4f electron shell. In contrast, a defect state of
a crystal is coupled to the valence electrons and is associated with a localized shift in the
band structure at the point of the defect. Therefore, a localized defect can be excited with
any energy above the defect energy and over a large energy range. This is unlike RE ion 4f
electrons which can only absorb energies defined by their crystal field splittings.
In Section 5.2 (Figure 5.1) we have seen that Eu2 (OMVPE7) may be coupled to a deep-
trap defect level in the GaN band gap. This statement arises from the fact that Eu2 can be
excited throughout the entire excitation region used in these studies.
The experiment described in this section was designed to investigate if the Eu ions rely
on a defect mediated transfer of energy from the EHP to the Eu ion. To this end, we used a
low power density electron beam irradiation with a simultaneous laser irradiation tuned to an
excitation wavelength of 572 nm (2.1678 eV). This excitation energy was used to investigate
the effect of the laser excitations used in these studies on the ability for EHPs to excite the
Eu ions.
Figure 6.4 shows the three spectra associated with the laser, electron beam, and combined
excitations. It is clear that the CL signal decreases significantly with the addition of the laser.
This is not a temperature induced effect because the peak at 2.0072 eV behaves is such a way
that the intensity increases with increasing temperature as seen in Figure 6.6. Therefore, this
effect is due to a laser interaction with the energy transfer from EHPs to the Eu ions. This
decrease in luminescence thus indicates a defect mediated transfer of energy from the EHP
to the Eu ion. In other words, Eu ions are coupled to localized GaN defect states with lower
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Figure 6.4: The effect of a non-resonant laser excitation on a low power density CL signal.
The decrease in the CL signal with an additional laser excitation tuned to 2.17 eV. This is
evidence of a defect mediated transfer of energy from an EHP to a Eu ion.
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energy than the band gap. An EHP will only transfer its energy to a Eu ion if it is first
trapped by the coupled defect state. The EHP-Eu excitation process can be explained by the
following sequence:
1. An EHP is created.
2. The EHP is trapped by a GaN defect state.
3. The excited defect state transfers its energy to the Eu ion.
4. The excited Eu ion relaxes with the emission of a photon.
Figure 6.5 shows a pictorial representation of the laser induced ionization of the defect
state coupled to a Eu ion. The following explains the decrease in CL luminescence with
additional laser excitation:
1. An electron-hole pair is created.
2. The EHP is trapped by the GaN defect state.
3. The photon transfers its energy to the EHP.
4. The EHP is ionized out of the trap before the defect state can transfer its energy to the
Eu ion.
This is a very important and interesting observation. Standard LED materials rely on
band gap emission, and the efficiency is usually dependent on the crystalline quality. We
have discovered that Eu:GaN for LED applications does not follow this trend. We believe
that defect states in GaN play a role in the excitation of the Eu ions. The idea is that there
exist specific defects that transfer EHP excitations to the Eu ions. These have been named
excitation enhancing defects.
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Figure 6.5: A pictorial representation of the laser induced Eu coupled trap ionization. In this
excitation scheme, the trap and Eu ion are coupled in which the Eu ion relies on the excited
trap to absorb energy from an EHP. The black area represents the valence electrons in the
GaN. The concept can be explained by the following sequence: 1) An EHP is created. 2)
The EHP is in the process of being trapped. 3) the photon transfers its energy to the EHP. 4)
The EHP is ionized out of the trap before it can transfer its energy to the Eu ion.
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Figure 6.6: The temperature dependence of the CL intensity of the peak with an emission
energy of 2.0072 eV.
6.4 Combined Excitation and the Comparison of Two Sam-
ples
The two samples compared in this study were those that were described in the sample prepa-
ration section of this chapter. All of the growth parameters remained the same except for the
growth pressure. The samples will be named the 10 kPa sample and the 100 kPa sample.
Due to the higher pressure growth conditions, the 100 kPa sample had a lower Eu concen-
tration by a factor of approximately 0.5. Despite this, it has been reported that active layers
grown under high-pressure (HP) exhibit the best performance in electroluminescence (EL)
devices [88] [89].
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6.4.1 CL Comparison
To further elucidate the role of defects for the excitation of the two centers, we performed
power dependent CL experiments with a defocused e-beam in spot mode and compared the
saturation behavior of the Eu1 and Eu2 centers (observed at 1.990 and 1.996 eV respec-
tively). Figure 6.7 shows the spectra associated with a low (0.002 nA
µm3
) and high (0.4 nA
µm3
)
power density as well as the comparison of the saturation behaviors of these samples. Eu2
dominates in emission at low power densities despite its lower abundance, suggesting that it
is coupled to a more favorable excitation mechanism compared to the Eu1 center.
This is consistent with the work of Woodward et al. [81] in which even lower excitation
power densities were used that show a more exaggerated version of this effect. Such a drastic
difference in excitation efficiency between the Eu1 and Eu2 centers is not expected for direct
impact excitation and leads us to the conclusion that Eu excitation is dominated by a channel
that involves an EHP. For higher power densities the Eu1 center begins to dominate due to a
saturation of Eu2.
There are two major differences seen in these data:
1. There is different saturation behaviors of the 100 kPa and 10 kPa samples shown in the
insets of Figure 6.7. Under the highest excitation density used in this study, the 10 kPa
sample saturates while the emission from the 100 kPa sample is still increasing. This
suggests that in the 100 kPa sample, the EHPs are able to excite more Eu centers than
in the 10 kPa sample. This is possibly due to the higher number of mediating defects.
2. The ratio of the Eu1 and Eu2 emissions at the lowest power density (shown in Fig-
ure 6.7) are different. Eu2 seems to be a more efficient EHP recombination center for
the 10 kPa sample. This may be associated with a reduced Eu1 excitation efficiency
correlated with the deep-trap coupling of Eu2.
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Despite the lower concentrations of Eu in the 100 kPa sample, the intensity related to
EHP recombination is higher. The PL results in the next section give good results for the
nature of the Eu sites in each sample, which helps explain the 100kPa sample’s better per-
formance.
6.4.2 PL/CEES Comparison
Figure 6.8 shows the CEES data obtained for excitation wavelengths in the visible between
570 nm ( 2.176 eV) and 573 nm ( 2.166 eV) in a spectral region in which a phonon-assisted
excitation transition of the Eu ions are found. We used the phonon-assisted excitation be-
cause the emissions give the most reliable data for relative numbers of centers [51, 90].
In contrast to results from above band gap excitation [91], the resonant excitation exper-
iments show that the Eu1 center, which dominates the luminescence under these excitation
conditions, scales according to the total number of incorporated Eu ions. Therefore, it can
be assumed that Eu1 is the center identified as a rather unperturbed Eu on Ga site by Ruther-
ford backscattering studies [91]. We further find that for the 100 kPa sample, with a lower
overall Eu concentration, the Eu2 center exhibits a more intense emission compared to the
10 kPa sample, indicating a higher concentration of the Eu2 center. This is one reason why
it a exhibits better electroluminescence performance. Another important observation is the
decrease in the coupling of the Eu2 to the deep-trap defect state in GaN for the 100 kPa
sample. The deep trap may be connected to a decrease in Eu1 EHP absorption efficiency for
low power density CL conditions.
The better performance associated with the reduction of this deep-level trap can be ex-
plained as follows: This particular defect state may absorb energy from the EHPs more
readily than Eu1 and transfers it to Eu2. There may be several Eu1 ions within the cross sec-
tion of this trap. However, the EHPs that are in the process of being trapped bypass the Eu1
ions (without excitation) to reach Eu2, which is located at the energy minimum of this trap.
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At power densities that saturate Eu2, there are more EHPs than Eu2 ions available for their
excitation. The extra EHPs that are trapped in the location of the occupied Eu2 that have
already bypassed the Eu1 ions fall to non-radiative recombination processes. Therefore, this
particular defect can inhibit the ability for Eu1 to absorb energy from EHPs.
Despite the reduction of the deep-level defect, the 100 kPa sample shows additional sites
and a more pronounced fluorescence narrowing effect indicating lower crystalline quality,
additional defects, and a less homogeneous strain distribution. Overall, it appears that while
the total number of defects may be greater for the 100 kPa sample, the types of defects in the
100 kPa sample favor EHP excitation over those in the 10 kPa sample.
6.4.3 Combined Excitation Comparison
In order to study the effect of visible light on the excitation efficiency by EHPs, we compared
the effects of a resonant (2.171 eV) and non-resonant (2.168 eV) laser excitation under si-
multaneous EHP excitation by electron beam irradiation. The electron beam power density
used in this study was 0.04 nA
µm3
, which correlates to an under saturated CL power density.
Figures 6.9 and 6.10 show the emission intensities observed using an electron beam, a laser,
and a combination of the electron and laser beams. To ensure reliability, the measurements
were performed on an identical spot within 10 seconds of each other.
Under non-resonant laser excitation conditions, the CL signal is decreased in the same
manner as seen in Figure 6.4 suggesting that an intermediate trapping process plays a role in
the excitation of the Eu ion in these samples as well. A higher electron beam power density
used for the experiment shown in Figure 6.9 is responsible for the difference between these
results and those shown in Figure 6.4. Because the EHP excitation of the Eu1 ions is being
inhibited, the average time it takes an EHP to excite a Eu1 ion increases. As this process
slows, the number of photons ejected from the sample per second also degrades, resulting in
a decreased CL signal.
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Figure 6.9: The effect of a laser excitation on the CL emission within the 568-590 nm (2.104-
2.185 eV) range used in this study. This was done in combination with a medium power
density CL excitation, contrary to the low power density shown in Figure 6.4. The major
difference is that Eu2 is less affected by the laser in this figure.
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We can also see in Figure 6.9 that the EHP process of exciting Eu1 is more drastically
affected by the laser irradiation compared to that of Eu2. In this case, the Eu2 ions are close
to saturated. Therefore, the EHP generation rate begins to exceed the total Eu2 emission rate
and an ionized trap immediately absorbs an EHP excitation. These conditions suggest that
the decrease in Eu excitation from laser induced ionization of traps is inversely proportional
to the electron beam power density when the Eu ions approach saturation. These results will
be further discussed in Section 7.4.2.
In order to estimate the percentage of Eu ions that can be excited by EHPs, the Eu1
centers were saturated by EHPs while a resonant laser excitation was used to excite the Eu1
centers that were unable to be excited by EHPs. This is shown in Figure 6.10. Although, all
of the Eu ions that can be excited by EHPs are excited, a substantial number of Eu ions are
still available for resonant excitation in the 10 kPa sample, which is evident from the increase
in luminescence. The Eu1 resonant excitation was much less effective in the 100 kPa sample
suggesting that in it a larger fraction of Eu1 ions can be excited by EHPs than the fraction of
Eu1 ions in the 10 kPa sample.
These results show that the exact nature of each individual Eu1 site is slightly different
from other Eu1 sites. This slight difference does not perturb the Eu1 ions enough to see a
change in the emission signature, but it affects their ability to absorb energy from EHPs. The
exact crystalline structure that causes this increase in excitability is still unknown, but our
observations give us insight into the properties of the crystal that increase the performance.
6.5 Combined Excitation Conclusions
The nature of EHP excitation of Eu ions in GaN has been investigated with the use of a com-
bined excitation experiment. The first of these experiments used a resonant laser excitation
of Eu1 to determine the number of Eu1 ions available for EHP excitation at specific power
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densities. This can be used to compare the relative number of Eu1 ions that are excited by
EHPs at different power densities between several samples.
To do this, three spectra can be recorded (CL, PL, and combined) for several different
electron beam power densities with a Eu1 resonant and a non-resonant laser excitation. The
relative percent of Eu ions excited by EHPs can be determined by using the intensities of
the appropriate spectra in Eq. 6.2. This will result in a graph that shows the relative percent
of Eu ions excited for each electron beam power density. This data could then be compared
between samples to determine the ability for the Eu ions to absorb energy from EHPs at low
power densities and the number of Eu ions that can be excited by EHPs under saturated CL
conditions.
The saturated CL combined excitation experiment of the 10 kPa and 100 kPa samples has
also been shown. A substantial increase in the CL signal with the addition of a Eu1 resonant
laser have shown that not all of the Eu1 ions are capable of being excited by EHPs. This
effect is more pronounced in the 10 kPa sample than the 100 kPa one concluding that more
of the Eu ions in the 100 kPa sample are available for excitation by EHPs. This explains the
10x better performance of the 100 kPa sample with electron-hole injection.
The samples have also been tested with a non-resonant laser excitation, in which the laser
was tuned to an∼572 nm wavelength that does not excite the Eu ions directly. This was done
to investigate the interaction of below band gap excitations on the ability for EHPs to excite
Eu ions.
With this laser excitation, the CL signal decreases. This shows that the EHPs destined
to excite a Eu ion are inhibited by the absorption of a photon in this energy range. This is
evidence that the EHP experiences a trapping mechanism before it can transfer its energy to
the Eu ion. When the photon is absorbed by an EHP occupied trap, the EHP is ionized from
the trap, and does not excite the Eu ion. This justifies the decrease in CL signal with the
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addition of an ∼572 nm laser. A representation of this is shown in Figure 6.5.
Overall, not all of the Eu ions are available for excitation by EHPs. The ones that are
available rely on assisting GaN defect levels for EHP absorption. Therefore, Eu:GaN sam-
ples can be grown to emit stronger intensities with higher efficiencies by incorporating ex-
citation enhancing defects. The next chapters investigate Eu:GaN samples that have been
grown in such a way to create defect states in the crystal. We will analyze the performance
of these samples along with the defects within them.
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Chapter 7
V/III Ratio Dependent Eu:GaN
Experimental evidence that Eu ions rely on specific defects in order to absorb energy from
EHPs has been discussed previously. The exact nature of these defects is still yet to be deter-
mined, however this realization has influenced a research program dedicated to investigating
growth methods that create excitation enhancing defects. To this end, Professor Fujiwara
at Osaka University in Japan has grown Eu:GaN samples with different V/III (N:Ga) ra-
tios with the goal of incorporating excitation enhancing defects. These samples have been
analyzed using CEES, CL, and combined excitation techniques to recognize the different
incorporation sites and their performances.
7.1 Sample Preparations
The Eu-doped GaN layers used for these experiments were grown on a sapphire substrate
by organometallic vapor phase epitaxy (OMVPE). The growth temperature was maintained
at 1050◦C consistent with the temperature that results in the best performance. The gal-
lium source, TMGa, flow rate was kept constant at 25.5 µmol/min, while the NH3 flow rate
had values of 2, 4, and 6 slm relating to V/III ratios of 3200, 6400, and 9600, respectively.
These samples have been labeled GaN320, GaN640, and GaN960 relating to the V/III ra-
tios of 3200, 6400, and 9600 and Eu concentrations of 6x1019, 4x1019, and 2x1019 cm−3,
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respectively.
For the CL and combined excitation measurements, these samples were mounted with
copper tape on a copper stage coupled to an Oxford low temperature SEM stage by copper
braids reaching temperatures of ∼100K. A JEOL 6400 SEM was used for these measure-
ments. Prior to their mounting, the samples were sputter coated with a thin (∼10 nm) layer
of Au/Pd to prevent electron beam induced charging.
For the PL measurements, the samples were mounted on a copper cold finger with cooper
tape, and were inserted into an Oxford cryostat cooled to 4.2 K by liquid helium. A tunable
dye laser tuned between 568 and 590 nm (2.102-2.183 eV) was used to obtain CEES maps
and combined excitation measurements.
7.2 CEES Comparison of V/III Ratio Samples
CEES measurements were performed in order to investigate the quality of the crystals and
to determine the relative numbers of Eu incorporation sites. Figure 7.1 shows the CEES
scans of GaN320, GaN640, and GaN960 (V/III (N/Ga) ratios of 3200, 6400, and 9600).
These measurements give good results for the Eu2/Eu1 ratio as well as the crystalline qual-
ity of each sample, which will eventually be compared to their room-temperature CL perfor-
mances.
Feature 1 in Figure 7.1 has been previously observed in the 10 kPa sample, which indi-
cates a deep-level trap coupling to the Eu2 ion. The 100 kPa sample showed that a decrease
in this feature causes an increase in the device performance. This feature is only observed in
the sample with the lowest V/III ratio.
Feature 2 is inhomogenous line narrowing in which the 5D0 (excited level) experiences
perturbations causing linear shifts in excitations and emissions. Therefore, feature 2 is asso-
ciated with inhomogenous changes in the Eu environment and indicates a lower crystalline
120
V/III Ratio - 3200 
V/III Ratio - 6400 
V/III Ratio - 9600 
Feature 1 
Feature 2 
Feature 2 
Emission Photon Energy (eV) 
E
xc
ita
tio
n 
P
ho
to
n 
E
ne
rg
y 
(e
V
) 
E
xc
ita
tio
n 
P
ho
to
n 
E
ne
rg
y 
(e
V
) 
E
xc
ita
tio
n 
P
ho
to
n 
E
ne
rg
y 
(e
V
) 
Figure 7.1: The zero-phonon CEES scans for Eu:GaN samples with varied V/III ratios.
Feature 1 is associated with the deep-level trap coupling to the Eu2 ion as described in
Section 5.2. The higher V/III ratio samples do not exhibit this type of defect. Instead, they
exhibit feature 2.
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Figure 7.2: The intensities of Eu2 and Eu1 with respect to the V/III ratio. The sample grown
with a V/III ratio of 6400 was found to have the most Eu2 incorporation sites. The excitation
used was in the phonon assisted region (∼ 2.170eV ).
quality.
The nature of feature 2 is slightly different between GaN640 and GaN960. GaN960
shows a more distinct inhomogenous distribution of Eu ions than GaN640. In GaN640, the
distinct excitation and emissions located on feature 2 are associated with more discrete Eu
incorporation sites that cause the line broadening. On the other hand, GaN960 shows a more
random distribution of Eu ions associated with a lower crystalline quality.
Increasing V/III ratios correlate to a degradation in crystalline quality. This set of samples
will help compare the features described previously to the EHP performance of these samples
under electron beam irradiation. The comparison of the growth conditions, the number ratios
of Eu1/Eu2, and the EHP performance has been tested.
Figure 7.2 shows the intensities of the phonon-assisted resonant excitation (2.170 eV )
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Table 7.1: The comparison of the V/III ratio, Eu concentration, Eu1 and Eu2 relative inten-
sities, and Eu2/Eu1 concentration ratio.
V/III ratio 3200 6400 9600
Eu concentration ( cm−3) 6x1019 4x1019 2x1019
Eu1 Intensity (relative %) 100 49.6 28
Eu2 Intensity (relative %) 1.6 3 0.8
Eu1/Eu2 ratio 62.5 16.5 35
of Eu2 and Eu1 for each sample. Eu1 accounts for > 90% of the luminescence in these
studies. Therefore, Figure 7.2 shows that the intensities in the phonon-assisted excitation
region correlate well with the actual Eu concentration. The intensity of Eu2 with respect to
the V/III growth ratio does not follow the same trend as Eu1. Rather, the Eu2 concentration
is highest for GaN640. This can be seen more clearly in Table 7.1 where the V/III ratio and
Eu concentration is compared to the Eu1 and Eu2 relative intensities as well as the Eu2/Eu1
ratios.
The effects of the growth conditions on the Eu incorporation sites can easily be deter-
mined with these measurements. The main goal is to create a high efficiency bright red
emitting Eu:GaN. The comparison of the performance of these samples under EHP gen-
eration by electron beam irradiation must be related to the crystalline structure that favors
Eu excitation. To this end, we have investigated these samples using power dependent CL
experiments.
7.3 Cathodolumniescence Comparison of Varied V/III Ra-
tio Eu:GaN
CL measurements have been used to compare the EHP-Eu excitation of the three samples
studied here. To study their performances and temperature quenching behavior, power de-
pendent measurements were performed at 100K and 300K (room temperature). These results
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Figure 7.3: The low temperature (100K) power-dependent CL measurements of Eu:GaN
with a V/III ratio of 3200 (GaN320) and 6400 (GaN640). Igor calculates the total integrated
intensity by calculating the average intensity over the entire spectrum. A 35 µm spot and a
10kV accelerating voltage was used for this experiment.
correlate best to the performance of an LED device operating under an applied voltage
Figure 7.3 shows the low temperature power-dependent integrated intensities of the sam-
ples with V/III ratios of 3200, 6400, and 9600. The steeper slope of the GaN320 sample
indicates that the EHPs more efficiently excite the Eu ions at lower power densities. This
may be related to the deep level trap coupling of Eu2 which suggests that the nature of Eu
coupled traps can affect the Eu ion EHP absorption efficiency.
The lower emission at high power densities for GaN960 is expected since it has a lower
Eu incorporation. However, the saturated emission for GaN320 is approximately the same as
GaN640. This is not expected because GaN320 has a higher Eu incorporation than GaN640.
124
sample Site NEu β · κ k
GaN320 Entire Spectrum 494 260 4200
GaN640 Entire Spectrum 490 103 4200
GaN960 Entire Spectrum 148 60 4200
Table 7.2: The Eq. 5.6 parameter values used to fit the power dependent CL data plotted
in Figure 7.3. The units for NEu are arbitrary units because NEu scales with the emission
intensity. The units for β are 1Amps·sec . The units for k are
1
sec . κ does not have units because
it is a probability.
Another important observation is the steeper slope of the GaN320 emission at lower power
densities. This suggests that the Eu ions in GaN320 absorb energy form EHPs more ef-
ficiently than the Eu ions in GaN640. These observations have been also analyzed more
quantitatively by fitting the experimental data to Eq 5.6. The values used to fit the data can
be seen in Table 7.2.
GaN320 shows an approximately 2.5x higher Eu ion EHP absorption efficiency (κ) than
GaN640 and an approximately 4x higher Eu ion EHP absorption efficiency than GaN960.
The number of Eu ions that are able to be excited by EHPs (NEu) correlates well with the
Eu concentration for GaN320 and GaN960. For GaN640, NEu has approximately the same
value for GaN320 even though there are ∼1.5x more Eu ions in GaN320 than in GaN640.
Therefore, the percentage of Eu ions able to be excited by EHPs in GaN640 is ∼1.5x higher
than in GaN320 and GaN960.
The two features from the PL CEES studies that may be associated with the difference
in performance are the deep trap coupling to Eu2 as seen with GaN320 and the higher in-
corporation of Eu2 as seen with GaN640. The deep trap coupling may aid the excitation of
Eu2 at the cost of quenching some of the other Eu ions. The higher incorporation of Eu2
may indicate a higher concentration of excitation enhancing defects for the other Eu ions,
particularly Eu1. These need to be further investigated.
Figure 7.4 shows the ratios of the Eu1/Eu2 CL peak intensities with respect to excitation
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power (this is a manipulation of the same data shown in Figure 7.3). At lower power densi-
ties, the ratio Eu1:Eu2 is the lowest for GaN320. This shows that the Eu2 deep trap coupling
may be related to an improved excitation efficiency associated with Eu2. For higher elec-
tron beam power densities, GaN320 shows the highest Eu1/Eu2 ratio, confirming the higher
Eu1/Eu2 incorporation ratio seen in Table 7.1.
The following notation is used in the next two paragraphs:
• NEuab is NEu for sample a and site b shown in Table 7.3.
• PLab is the PL intensity for sample a and site b shown in Table 7.1.
Eq. 5.6 was fit to the Eu1 and Eu2 peak intensities with values shown in Table 7.3.
The number of Eu1 ions available for EHP excitation (NEu) is approximately the same for
GaN320 and GaN640 whereasNEu for GaN960 is∼ 0.25 ·NEu of the value for GaN320 and
GaN640. The ratio of the Eu1 PL intensity for GaN320 and GaN640 (PL320Eu1/PL640Eu1 =
2.02) does not correlate well to the ratio of EHP excitable Eu1 ions for these two samples
(NEu320Eu1/ NEu640Eu1 = 1.07). Therefore, an ∼2x higher percentage of Eu1 ions are ex-
citable in GaN640 than in GaN320 at low temperatures. The ratio of the Eu1 PL intensity
for GaN320 and GaN960 (PL320Eu1/PL960Eu1 = 3.57) correlates decently well with the ra-
tio of EHP excitable Eu1 ions for these two samples (NEu320Eu1/NEu960Eu1 = 4.76). Thus, an
∼0.75x lower percentage of Eu1 ions are excitable in GaN960 than in GaN320. Compar-
ing this value with the higher percentage of EHP excitable Eu1 ions in GaN640 shows that
there is an∼2.67x higher percentage of EHP excitable Eu1 ions in GaN640 than in GaN960.
These observations show that the decrease in EHP excitable Eu1 ions correlates well with
the decrease in Eu2 concentration for the three samples.
Comparing the ratio ofNEu for Eu2 between GaN640 and GaN320 (NEu640Eu2/NEu320Eu2
= 1.24) with the PL intensity ratio for Eu2 between GaN640 and GaN320 (PL640Eu2/PL320Eu2
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sample Site NEu β · κ k
GaN320 Eu1 26797 184.3 4200
GaN640 Eu1 25108 60.2 4200
GaN960 Eu1 5632 35.0 4200
GaN320 Eu2 8910.6 344.2 4200
GaN640 Eu2 11035 95.7 4200
GaN960 Eu2 2869 59.1 4200
Table 7.3: Eq. 5.6 parameter values used to fit the power dependent CL data of the Eu1 and
Eu2 peak intensities for GaN320 and GaN640. The units for NEu are arbitrary units because
NEu scales with the emission intensity. The units for β are 1Amps·sec . The units for k are
1
sec . κ does not have units because it is a probability. The NEu values in Table 7.2 can not
be compared to the NEu values in this table because the computer program used to analyze
these data calculates the average intensity over all of the CCD pixels for the total integrated
spectrum shown in Figure 7.3.
= 1.88) shows that an ∼1.5x higher percentage of Eu2 is excitable in GaN320. The compar-
ison of these same ratios GaN640 and GaN960 (NEu640Eu2/NEu960Eu2 = 3.85 and PL640Eu2/
PL960Eu2 = 3.75) implies that the same percentage of EHP excitable Eu2 centers exist in
each sample. Therefore, there is a 1.5x higher percentage of EHP excitable Eu2 centers in
GaN320 compared to GaN640 and GaN960. This may be due to the deep trap coupling of
Eu2 shown in Figure 7.1. The minimal decrease in the percentage of EHP excitable Eu2 is a
small sacrifice for the increased percentage of EHP excitable Eu1 for GaN640.
Figure 7.5 shows the room temperature power dependent CL study for all three (GaN320-
640) V/III ratio samples. It is clear that GaN640 dominates in emission strength for all power
densities, which did not occur at low temperature (100K, refer to Figure 7.3). At low temper-
ature, GaN320 dominated in terms of emission strength for most of the CL excitation power
densities. Therefore, the Eu ions in GaN320 suffer from a more drastic thermal quenching
than GaN640. The decreased thermal quenching in GaN640 relate to two Eu2 observations:
• More Eu2 centers.
• A decrease in the Eu2 deep trap coupling.
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Figure 7.4: The CL Eu1/Eu2 peak intensity ratio for various excitation power densities. The
temperature and electron beam conditions are the same as Figure 7.3. Notable in this figure is
the higher Eu1/Eu2 ratio at a low power density for GaN640 despite its higher concentration
of Eu2.
This along with the higher percentage of Eu ions that are excitable by EHPs conclude that
the incorporation of Eu2 centers that are not coupled to a deep trap is optimal for a Eu:GaN
LED.
7.4 Combined Excitation Examination of V/III Ratio De-
pendent Eu:GaN
7.4.1 Resonant Laser Excitation
A resonant-laser excitation combined with an electron beam excitation can be used to calcu-
late the relative number of Eu ions that can be excited by EHPs. In this section, the number of
Eu1 sites that are excitable by EHPs for GaN320, GaN640, and GaN960 will be compared.
To do this, a resonant-laser in combination with a saturated CL excitation is used.
Figure 7.6 shows the PL, CL, and combined spectra obtained using a resonant Eu1 laser
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Figure 7.5: The room temperature power dependent CL data for GaN320, GaN640, and
GaN960.
excitation and a saturated CL excitation. The small changes in the CL emission with an
additional laser excitation shown in Figure 7.6 have been consistent over several repeated
experiments and are thus statistically significant. For GaN640, the CL signal decreases with
the addition of a resonant excitation. The decrease can be explained as a competition between
an ionization of EHP occupied Eu coupled excitation traps and a resonant excitation of the
Eu1 ions. In this case, the trap ionization rate is exceeding the resonant Eu excitation rate
and a decrease in Eu1 luminescence occurs. On the other hand, the CL signal for GaN320
remains constant with the addition of the laser and the GaN960 CL signal increases with the
addition of the laser. These results indicate two potential conclusions:
1. The trap ionization affect is more pronounced for GaN640 than for GaN320 and
GaN960.
2. The highest percentage of EHP excited Eu1 centers is in GaN640 and the lowest per-
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Figure 7.6: The CL, PL, and combined excitation for GaN320, GaN640, and GaN960 at
100K. The laser excitation was tuned to resonantly excite the Eu1 ions. A spot diameter of
35 µm, CL current of 400 nA, and an accelerating voltage of 10 kV were used.
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centage of EHP excited Eu1 centers is in GaN320.
The second conclusion is supported by the CL comparison of the three samples in the
previous section. The first conclusion will be investigated in the next section. The result can
very well be a combination of the two conclusions.
7.4.2 Non-resonant Laser Excitation
A constant non-resonant laser excitation in combination with a varied CL power density was
used to investigate the trap ionization effect for GaN320, GaN640, and GaN960. Figure 7.7
shows this effect for various low CL power densities. The dependence on the laser induced
decrease in CL signal with a varied electron beam power density can be explained by a
trap mediated Eu excitation by EHPs discussed in Section 6.3. Figure 7.8 shows a pictorial
representation of this for clarity. In order for a Eu coupled trap to be ionized by a photon, it
must be occupied by an EHP. At lower CL power densities, very few of the Eu coupled traps
are occupied by EHPs. As the power density is increased more traps become occupied by
EHPs. Therefore, the probability for a photon to excite an EHP occupied trap increases and
the decrease in CL signal increases with higher electron beam power densities. However, at
a threshold power density, in which there are more EHPs than Eu-coupled traps, the photon
induced trap ionization degrades as the power density is increased. Therefore, the laser
induced decrease in CL signal degrades as the Eu ions approach saturation. This effect is not
shown in Figure 7.7, but can be seen in Figure 7.11.
This can also be explained more quantitatively by a rate equation. With a trap induced
Eu excitation, it is approximately correct to assume that the number of Eu ions in an excited
state (N2) is proportional to the number of EHP occupied Eu coupled traps (NFC ),
N2 ∝ NFC . (7.1)
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Figure 7.7: The power dependent combined minus CL spectra used to compare the laser
induced ionization of traps for Eu1. A spot diameter of 35 µm and an accelerating voltage
of 10 kV were used.
Photons/(Second*m2) EHPs/(Second*m2) 
Defined Trap Density 
1/m2 
Figure 7.8: For each sample there is a defined density of excitation enhancing defects. The
CL current defines the density of EHPs being created in a localized region of the sample.
The laser power defines the density of photons that are incident on the same localized region
of the sample. As the EHP generation rate increases, more traps become occupied by EHPs.
Therefore, the probability for a photon to strike an occupied trap increases.
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For the present calculation it is assumed that the Eu ion trap excitation rate is much faster
than the Eu emission rate. The excitation of a Eu ion into stateN2 is related toNFC , in which
N2 = κEuNFC , (7.2)
where κEu is the probability that the excited defect will transfer its energy to the Eu ion.
Note that all references to traps in this derivation refer to Eu coupled traps. The ability for
EHPs to become trapped decreases with simultaneous laser excitation. Therefore, the rate
traps fill with EHPs can be explained by
dNFC
dt
=
dNE→F
dt
− dNF→E
dt
, (7.3)
where dNE→F
dt
is the rate empty traps are filled, and dNF→E
dt
is the rate full traps are emptied
before a Eu excitation. dNE→F
dt
is dependent on the EHP generation rate (g(I)) and the prob-
ability for an EHP to become trapped in a Eu coupled trap (κT ). For a non-resonant laser
combined excitation experiment, dNF→E
dt
is dependent on the photon flux (L(p)), the number
of EHP occupied Eu coupled traps (NFC ), and the transfer rate of the EHP from the trap to
the Eu ion (k):
dNFC
dt
= κTg(I)NE − L(p)NFC − kNFC . (7.4)
In this calculation, k is assumed to be the Eu emission rate defined in Eq. 5.6. For every
power density, we have a steady-state solution (dNFC
dt
= 0). This gives,
κTg(I)NE = L(p)NFC + kNFC . (7.5)
The number of full traps is correlated to the luminescence intensity with a combined
excitation. Therefore, a solution in terms of NFC is ideal. We use the fact that NT =
NFC +NE to simplify the solution,
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κTg(I)(NT −NFC ) = NFC · (L(p) + k). (7.6)
Therefore,
NFC (g(I)) =
κTNTg(I)
κTg(I) + k + L(p)
. (7.7)
Eq. 7.7 is similar to Eq. 5.6 with an added dependence on the laser power. For varied
electron beam power densities and a constant laser power, Eq. 7.7 does not justify a trap
mediated excitation. To this end, a new fit function that interprets a laser induced decrease
in CL signal as a function of electron beam power density is developed. The number of
full traps with a combined excitation NFC minus the number of full traps with only electron
beam excitation NFCL correlates to the subtracted luminescence as seen in Figure 7.9,
NF = NFC −NFCL . (7.8)
NFCL can be calculated using Eq. 7.2 in Eq. 5.6,
NFCL(g(I)) =
κTNTg(I)
κTg(I) + k
. (7.9)
Now, NF can be calculated using Eq. 7.7 and Eq. 7.9 with g(I) = β · I ,
NF (I) =
κTNTβI
κTβI + k + L(p)
− κTNTβI
κTβI + k
=
−L(p)κTNTβI)
(κTβI + L(p) + k) · (κTβI + k) . (7.10)
To test the validity of this equation we take the limit as the laser power (L(p)) goes to
infinity,
lim
L(p)→∞
−L(p)κTNTβI
(κTβI + L(p) + k) · (κTβI + k) = −
κTNTβI
κTβI + k
= −NFCL . (7.11)
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sample NT β · κT L(p) k
GaN320 5.01 · 107 547 0.75 4200
GaN640 8.09 · 107 287 0.75 4200
GaN960 1.61 · 107 140 0.75 4200
Table 7.4: Eq. 7.10 parameter values used to fit the Combined-CL data for Eu1 in Figure 7.9.
The units for NEu are arbitrary units because NEu scales with the emission intensity. The
units for β are 1Amps·sec . κT does not have units because it is a probability. L(p) and k are in
units of 1sec . The L(p) and k values were kept constant.
All EHPs that occupy traps are ionized as the laser power density far exceeds the EHP
generation rate (NFC → 0). Thus, the negative number of EHP occupied traps without laser
excitation is the expected solution.
The following notation is used in the next two paragraphs:
• NTab is NT for sample a and site b shown in Tables 7.4 and 7.5.
• PLab is the PL intensity for sample a and site b shown in Table 7.1.
Eq 7.10 has been used to fit the Eu1 data shown in Figure 7.9. The resulting fit parame-
ters are listed in Table 7.4. The largest β ·κT value for GaN320 and the smallest β ·κT value
for GaN960 is consistent with the β · κ values in Table 7.3 where κT is the EHP absorption
efficiency of the excitation enhancing traps, κ = κT · κEu (Eq. 5.2), and β is the propor-
tionality factor relating I to g(I) (g(I) = β · I). β is the same for all of the samples. The
ratioNT640Eu1/NT320Eu1 = 1.61 is consistent with the ratio of the relative PL intensities of Eu2
with these samples (PL640Eu2/PL320Eu2 = 1.88). The ratios NT640Eu1/NT960Eu1 = 5.02 and
NT320Eu1/NT960Eu1 = 3.11 are are also consistent with the ratio of the relative PL intensities
with these samples (PL640Eu2/PL960Eu2 = 3.75 and PL320Eu2/PL960Eu2 = 2, respectively).
This correlation is further shown in Figure 7.12 (a). Therefore, the number of Eu1 coupled
excitation enhancing defects correlates well with the Eu2 concentration for samples GaN320,
GaN640, and GaN960.
135
Figure 7.9: Eq 7.10 fit to the experimental data shown in Figure 7.7 for Eu1. The values for
the fit parameters are given in Table 7.4.
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sample NT β · κT L(p) k
GaN320 2.65 · 107 1450 0.75 4200
GaN640 6.11 · 107 394 0.75 4200
GaN960 1.15 · 107 366 0.75 4200
Table 7.5: Eq. 7.10 parameter values used to fit the Combined minus the CL data for Eu2
in Figure 7.11. The units for NEu are arbitrary units because NEu scales with the emission
intensity. The units for β are 1Amps·sec . κT does not have units because it is a probability. L(p)
and k are in units of 1sec . The L(p) and k values were kept constant in the fit.
Eq 7.10 has also been used to fit the combined minus CL data for Eu2 shown in Fig-
ure 7.11. The resulting fit parameters are listed in Table 7.5. The larger β · κT values
for Eu2 compared to Eu1 for their respective samples is consistent with the model devel-
oped in this work. The ratios NT640Eu2/NT320Eu2 = 2.31, NT640Eu2/NT960Eu2 = 5.31, and
NT320Eu2/NT960Eu2 = 2.30 are comparable to the ratios of the Eu2 PL intensities for the same
samples (PL640Eu2/PL320Eu2 = 1.88, PL640Eu2/PL960Eu2 = 3.75, and PL320Eu2/PL960Eu2
= 2, respectively)). This is further shown in Figure 7.12 (b). Therefore, an increase in the
number of Eu2 centers correlates with an increase in the number of both Eu1 and Eu2 exci-
tation enhancing defects for these samples. This suggests that the Eu2 excitation enhancing
defect is an excitation enhancing defect for Eu1 as well. The numbers of Eu1 and Eu2 excita-
tion enhancing defects are also consistent with the room temperature saturated CL intensities
shown in Figure 7.12 (c) and (d).
The ratios of the results in Tables 7.4 and 7.5 follow consistent conclusions developed
regarding the GaN320, GaN640, and GaN960 samples. Overall, this analysis shows that the
Eu2 PL intensity correlates well with the number of excitation enhancing defects for Eu1
and Eu2. These results have developed a model of the Eu incorporation in GaN shown in
Figure 7.10. This model suggests that Eu2 is a Eu center that is close enough to a specific
excitation enhancing defect for the defect to perturb Eu2’s excitation and emission photon
energies. This same defect can transfer EHP excitation to the Eu1 center, however it is not
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close enough to drastically perturb the Eu1 center’s excitation and emission photon energies.
Multiple Eu1 centers can couple to each defect and some Eu1 centers may not couple to
this defect making some Eu1 ions unable to absorb energy from EHPs. Therefore, more
of these defects increase the number of Eu2 centers and the number of Eu1 centers that can
absorb EHP excitation from this defect. The increased concentration of Eu2 correlating to an
increased concentration of the excitation enhancing defect that can transfer EHP excitation to
Eu2 and Eu1 in GaN640 explains its better performance despite its lower Eu concentration.
7.5 V/III Ratio Conclusions
In this chapter we have analyzed the performances of three Eu:GaN samples with varying
V/III ratios. We have recognized that GaN640 (V/III ratio = 6400) performed the best under
room-temperature operating conditions despite its lower Eu concentration. CEES analysis
was performed to compare and contrast the crystalline quality as well as the Eu incorporation
sites of each sample.
The zero-phonon CEES scans showed a deep trap level coupling to the Eu2 ion for
GaN320 (shown as feature 1 in Figure 7.1). It also showed GaN960 and GaN640 to have
inhomogeneities involved with Eu incorporation sites (shown as feature 2).
The phonon-assisted resonant excitations of Eu1 and Eu2 were done to compare the con-
centration of these two sites. The concentration of Eu1 scales well with the actual Eu concen-
tration. The actual incorporation scales as 3:2:1 (GaN320:GaN640:GaN960), whereas the
Eu1 incorporation scales as 4:2:1. The slightly lower percentage of Eu1 centers in GaN640
and GaN960 is due to a larger distribution of Eu incorporation sites, especially within the
inhomogenous Eu distribution (feature 2). Also, the 6400 V/III ratio of GaN640 favors the
incorporation of Eu2 with an ∼2x higher Eu2 incorporation than for GaN320 and an ∼4x
higher Eu2 incorporation than for GaN960.
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Eu2 Eu2 
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Figure 7.10: The Eu incorporation model developed from the results presented in this chap-
ter. The black background represents the GaN valence electrons, the red spheres are Eu
ions, and the white spiral are excitation enhancing defects. Eu2 is a Eu center that is close
enough to a specific excitation enhancing defect for the defect to perturb Eu2’s excitation
and emission photon energies. This same defect can couple to a Eu1 center, however it is not
close enough to drastically perturb the Eu1 center’s excitation and emission photon energies.
Multiple Eu1 centers can couple to each defect and some Eu1 centers may not couple to this
defect making some Eu1 ions unable to absorb energy from EHPs. Therefore, more of these
defects increase the number of Eu2 centers and the number of Eu1 centers that can absorb
EHP excitation from this defect. This improves the device performance.
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Figure 7.11: Eq 7.10 fit to the the combined minus CL data for Eu2. The electron beam
power density begins to eliminate the laser induced ionization effect at 2 nA for GaN320.
We have also seen that the GaN640 luminescence does not suffer as drastically as GaN320
from thermal quenching. Our data suggest that a higher Eu2 concentration (not connected to
a deep trap level) is ideal for a high performance sample. This in combination with temper-
ature/power dependent CL suggests that the presence of the defect that makes Eu2 may also
decrease the thermal quenching of Eu1 ions.
A higher percentage of Eu1 ions are excitable by EHPs in GaN640 than in GaN320 and
GaN640. These conclusions are consistent with the Eu1 resonant laser combined excitation
experiment under CL saturation conditions, which also shows that more of the Eu1 ions are
available for excitation by EHPs for GaN640 than for GaN320 and GaN960.
We also looked into a non-resonant combined excitation experiment. The decrease in
the CL signal with simultaneous laser excitation suggests that the laser is exciting EHPs out
of a trap mediated Eu excitation channel. A quantitative theoretical approach was used to
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Figure 7.12: The correlations between the Eu2 PL intensity, the number of traps for Eu1
and Eu2 (NT Eu1 and NT Eu2), and the room temperature saturated CL intensity (RTSCL).
These data are sown in Tables 7.1, 7.4, and 7.5 and Figure 7.5. a) The correlation of NT for
Eu1 and the Eu2 PL intensity. b) The correlation of NT for Eu2 and the Eu2 PL intensity.
c) The correlation of NT for Eu1 and the room temperature saturated CL intensity. d) The
correlation of NT for Eu2 and the room temperature saturated CL intensity.
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compare the combined minus CL data of GaN640 and GaN320. The results showed that
GaN640 has ∼2x more excitation enhancing defects than GaN320 and ∼4x more excitation
enhancing defects than GaN960. These results are consistent with the performance of these
samples at room temperature and the number of Eu2 centers.
Correlating all of these observations has given rise to the following conclusions:
1. The deep trap coupling with Eu2 and the degradation of the number of Eu ions ex-
citable by EHPs is consistent with the theory discussed in Section 6.4.1, in which the
deep trap coupling with Eu2 may inhibit the EHP excitation of other Eu ions.
2. The concentration of Eu2 may be connected with the number of Eu ion excitation en-
hancing defects. The Eu2 concentration correlates well with the number of Eu centers
available for EHP excitation, which means that the presence of the defect that forms
Eu2 may aid the EHP excitation of the other Eu ions, particularly Eu1.
Overall, we have used various spectroscopic techniques to identify and determine crys-
talline defects that favor the excitation of Eu ions in GaN by EHPs. The most important
observation is that the performance of a Eu:GaN LED does not depend on crystalline qual-
ity. Rather, specific excitation enhancing defects must be incorporated to make a better
performing device. It is important to realize that not all defects fall into this category. For
example, the deep trap defect coupled to the Eu2 site in GaN320 (feature 1 in Figure 7.1)
decreases the luminescence properties of the sample whereas the defect that creates Eu2 has
been recognized as an excitation enhancing defect. To further investigate excitation enhanc-
ing defects, a Eu:GaN sample co-doped with Mg has been grown and will be discussed in
the next chapter.
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Chapter 8
Mg Co-doped Eu:GaN Thin Films for
LED Applications
In the previous chapters a defect-mediated excitation of Eu ions by EHP recombination has
been discussed. The exact nature of the defects involved with the excitation are still under
debate. However, this evidence proves that different growth techniques that change the defect
incorporation in Eu:GaN need to be investigated.
The majority of the samples investigated in this work are grown by Organometallic Va-
por Phase Epitaxy (OMVPE). The defect structure of GaN can be altered using this growth
method by changing the V/III ratio, growing at different temperatures and pressures, or
adding other dopants into the system.
Since magnesium (Mg) doping is used to create p-type GaN, the dopant is readily avail-
able for any GaN growth. This was the motivation for co-doping a Eu:GaN crystal with Mg.
This chapter focuses on a Mg-Eu coupling that increases the excitation efficiency of Eu ions
doped in GaN. Before the nature of Mg co-doped Eu:GaN can be evaluated, it is important
to understand the nature of Mg:GaN.
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8.1 Background: Mg-H complexes in a GaN Lattice
Only contributing two valence electrons to the GaN crystal, the type II Mg atom on a Ga site
acts as an acceptor, leaving behind a hole in the valence band. However, OMVPE (MOCVD)
grown GaN has the tendency to be n-type, and the defects compensate for the missing elec-
tron by adding an extra one. These self-compensation mechanisms eliminate Mg:GaN p-type
properties making the hole mobility and resistivity too low for practical use. Much work has
been done in the 1990s to realize a low resistivity Mg:GaN p-type semiconductor which has
made GaN an exceptional material for optoelectronic applications [1].
The first successful p-type GaN crystal was developed by irradiating the self-compensated
Mg:GaN with high energy electrons in a scanning electron microscope (SEM) [92,93]. Other
studies have also shown the elimination of self-compensation by UV light exposure [94,95].
However, the major breakthrough of p-type GaN realization occurred from a post-growth
thermal annealing of Mg:GaN [1].
The self-compensating properties of Mg:GaN can be eliminated by thermal annealing
and electronic excitations revealing that they are associated with a defect that has a low ion-
ization energy. Many people have investigated this defect and concluded that it is a hydrogen
passivated Mg complex [96–98].
The passivation has been shown to occur as a Mg-N-H complex in which the Mg is on
a Ga site. The H atom that bonds to the the Mg and N adds an extra electron to complete
the covalent bond. Basically, the H atom compensates for the hole by adding an electron.
Density Functional Theory has been used to predict the H lattice sites in wurtzite and zinc-
blende GaN [99]. The following gives a brief overview of the different atomic configurations
of H in GaN predicted by these calculations.
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8.1.1 Hydrogen in un-doped GaN
Atomic hydrogen can exist in GaN as negative, positive, or neutral. For H+, two energy
minima were identified that have the configurations shown in Figure 8.1 (a) and (b). For the
first configuration, the H+ ion is energetically favored to form a bond-centered N-H bond
parallel to the c-axis (BCN‖). The electron deficient Ga atom moves away from the hy-
drogen atom due to an electrostatic force. For the second case, the H+ ion is favored to
form an anti-bonding N-H bond transverse to the c-axis bonded perpendicular to the c-axis
(ABN⊥) (anti-bonding is defined by molecular orbitals that have out of phase interactions
and a higher energy than the sum of each atomic orbital before binding). The three electron
deficient Ga atoms are pushed away from the H ion. The energy for the anti bonding config-
uration parallel to the c-axis and the bond centered configuration transverse to the c-axis are
significantly higher in energy than the configurations discussed. In addition to these sites it
is observed through calculations that planar H clustering can occur. This clustering has been
experimentally observed in silicon and can also likely occur in GaN.
Hydrogen can also appear in GaN as H2 as depicted in Figure 8.1. Figure 8.1 (d)-(g)
show that H in any other form than H+ appears in the open channel of the crystal structure
as viewed down the c-axis. Neutral H prefers to settle closer to the smaller electron deficient
Ga atom as opposed to the electronegative larger N atom. Figure 8.1 (e) and (f) show that
this effect is exaggerated as the negative charge of the H− ion is pulled toward the electron
deficient Ga atom. The negatively charged H ion also pulls the surrounding Ga atoms towards
itself. For the case of a Si+ atom on a Ga site, the electrostatic force pulls the Si+ and H−
atoms together further exaggerating the effect in Figure 8.1 (e).
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8.1.2 Hydrogen-Magnesium Complex
Unlike Si-doped GaN, the most probable form of H in Mg-doped GaN is H+ due to its low
formation energy defined by the Fermi level. This low energy state of hydrogen follows the
partial ionic nature of the Ga-N bond in which electrons are transferred from the gallium to
nitrogen atoms. Figure 8.1 (c) shows the configuration of the lowest energy form of the H-Mg
complex calculated by density functional theory [99], which can be assumed to be the only
allowed configuration of a Mg-H bond in GaN. The H+ takes on the ABN⊥ configuration
similar to the configuration in Figure 8.1 (b). The Mg-N BC bond parallel to the c-axis
is unstable due to the relatively large size of the Mg atom resulting in an increased strain.
This configuration is responsible for the the self-compensation of the p-type properties of
Mg:GaN.
As grown Mg:GaN does not exhibit very good p-type properties due to the H passivation
that can be related to the OMVPE (MOCVD) nitrogen source (NH3). Thermal annealing in
an N2 environment [1], extended irradiation of UV light [94, 95], and low energy electron
beam irradiation (LEEBI) [92, 93] are methods that have successfully increased the hole
mobility and reduced the resistance of Mg:GaN. LEEBI was the first method to realize a
p-type GaN crystal. However, the real breakthrough occurred when the thermal annealing
method was discovered. Thermal annealing is much faster and more cost effective than the
other methods.
The energy associated with thermal annealing, LEEBI, or UV light exposure can be
absorbed by the H-Mg complex. This can disassociate the H atom. The H atom is free to
move about the crystal and can combine with another H atom to form H2 and diffuse out of
the sample [100].
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8.1.3 Thermal Annealing and H-Mg Complexes
Figure 8.2 overlays the relative intensities of the blue luminescence and deep level lumines-
cence associated with Mg:GaN with the resistively, all as a function of annealing temper-
atures. This has been done to compare these defect related states to the resistance of the
Mg:GaN sample, which is proportional to the number of Mg-H complexes.
The intensity of the deep level emission in Figure 8.2 correlates well with the resistiv-
ity of the sample except for the increase in luminescence between 400 and 600 C. The deep
level intensity may be associated with the Mg-H defect. The slight rise in intensity can be ex-
plained by Mg-H complex clustering. A Mg-H defect that resides in the proximity of another
Mg-H defect could quench its luminescence. The probability of Mg-H complex clustering
increases with the number of these sites present in the crystal. As the number of defects de-
crease, the neighboring quenching mechanisms decrease as well, which further increases the
luminescence. However, at a certain annealing temperature, the Mg-H clustering no longer
contributes to the luminescence quenching. At this point, the deep level emission correlates
to the number of Mg-H complexes, which is proportional to the resistivity.
The blue emission in Figure 8.2 shows a different dependence. This may be associated
with a Mg incorporation site that creates a shallow defect level. The luminescence can be
quenched when H forms a bond with the Mg in this configuration. As the Mg-H complex
becomes disassociated (the resistivity decreases), these particular defect states are freed from
the H quenching effects. This could explain the increase in luminescence as the resistivity
decreases. However, the decrease in luminescence without further activation of Mg atoms
may be a result of a secondary effect. Figure 8.3 shows the blue emission spectra associated
with three different annealing temperatures to further clarify the difference between the deep
level and blue emission [1].
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Figure 8.3: Photoluminescence spectra of Mg:GaN subject to annealing at (a) room temper-
ature, (b) 700◦C, and (c) 800◦C. Figure reproduced from Nakamura et al. [1].
8.1.4 Mg-H Complexes and Electron Beam Irradiation
Figure 8.4 shows a room (left) and low (right) temperature CL signals associated with the
shallow trap in Mg:GaN [92]. The spectra were taken with respect to electron beam expo-
sure time. The low temperature electron beam annealing of the sample shows a decrease
in luminescence with increased electron beam exposure time. This only occurs at low tem-
perature. An increase in luminescence occurs as a result of electron beam irradiation at
room-temperature.
At higher temperatures, the peak shift is less sensitive to electron beam irradiation which
correlates the low temperature shift to a free to bound acceptor state. The change in emission
energy and intensity suggest a decrease of Mg-H complexes. The successful disassociation
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Figure 8.4: Cathodoluminescence spectra with respect to electron beam irradiation time at
room temperature (left) and at liquid helium temperatures (right). Figure reproduced from
Li and Coleman [92].
of Mg-H complexes at low temperature proves that the reaction is athermal and can occur as
a result of electronic stimulation. Therefore, EHPs in GaN can transfer energy to a Mg-H
complex resulting in a disassociation of the H atom from the Mg atom. We will relate this
concept to a Eu coupled Mg site in the next section.
8.2 Eu Sites in Mg Co-doped Eu:GaN
Eight different Eu incorporation sites, OMVPE 1-8, in GaN have been identified using σ-
polarized combined excitation emission spectroscopy (CEES) techniques [51,90]. The most
notable sites OMVPE 4 and 7 have been relabeled Eu1 and Eu2 to avoid confusion between
our findings and those of O’Donnell et al. [23, 106]. The known Eu sites will be compared
to new ones found in a Mg co-doped Eu:GaN sample.
The overall goal of Mg co-doping is to incorporate new defects into the crystal that may
increase the EHP absorption efficiency of the Eu ions. CEES scans were performed with
the Eu/Mg:GaN sample, and compared to CEES scans of a Eu:GaN sample with a slightly
higher V/III ratio and no Mg to investigate the possibility of new incorporation sites. The
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Figure 8.5: a) The zero-phonon CEES scan of a Eu:GaN sample with a V/III ratio of 6400.
(b) The zero-phonon CEES scan of a Eu/Mg:GaN sample. Four new sites have been identi-
fied, which are labeled Mg1-4.
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Figure 8.6: (a) The CEES scan of the phonon-assisted region. The horizontal lines indi-
cate the resonant laser excitation energy for the corresponding sites. (b) The horizontal line
profiles of the Mg2-Mg4 and Eu1 sites.
sample with a slightly higher V/III ratio was used to decipher the difference between lattice
defects and Eu sites that are directly perturbed by Mg atoms. Figure 8.5 shows the CEES
scans of these two samples.
Features two and three occur in both the Eu/Mg:GaN sample and the control sample, and
therefore are not associated with a Mg perturbation. The other features, shown as Mg1-Mg4,
do not occur in the control sample and must be associated with a Mg perturbation. The Mg1
site may be a slight perturbation of the Eu1 site, in which a Mg atom is slightly affecting
the Eu1 site. The Mg2-Mg4 sites exhibit a blue shift behavior that may be due to a larger
perturbation of the Eu ions. Also, the Mg/Eu:GaN sample does not have the OMVPE1 or
OMVPE2 sites, which suggest that these sites are associated with an n-type donor state. GaN
is naturally n-type, but with Mg doping, the n-type properties are eliminated.
Figure 8.6 (a) shows the CEES scan for the phonon-coupled region along with the profiles
of the Mg sites. Figure 8.6 (b) shows the line profiles of the Eu1, Mg2, Mg3, and Mg4
sites. The excitation energies, number of peaks, phonon shift, and relative intensities of
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Table 8.1: The comparison of the relative intensities of the Mg sites with the Eu1 site at
liquid helium temperature.
Site Eu1 Mg2 Mg3 Mg4
relative intensity 100 1.92 1.30 3.04
Excitation Energy (eV) 2.17075 2.17611 2.1763 2.17805
Number of Peaks 3 2 1 2
Phonon Shift (meV) 66.3 66.2 65.7 66.6
these sites are compared in Table 8.1. The phonon shift (Ephs) is calculated by subtracting
the resonant excitation energy of the zero phonon region (E0ph) from the resonant-phonon
assisted excitation energy (Erpm),
Eph = Erph − E0ph. (8.1)
The phonon energies calculated relate to the A1 transverse optical phonon (A1(TO)). It
is still apparent that the Eu1 site is the majority site since its intensity is 94% of the total
emission between these four sites. Relating the relative intensities to the actual number of
Eu ions in GaN is important for determining the EHP excitation efficiencies of the new Mg
induced sites in a CL experiment.
8.2.1 Cathodoluminescence Analysis of Mg Induced Eu Sites
Previously, several new Eu incorporation sites in Mg co-doped Eu:GaN were determined
with resonant Eu excitation experiments. This is interesting information, but lacks a conclu-
sion regarding LED device performance. Commercial LED devices rely on recombining of
electrons and holes for Eu excitation. To this end, the CEES techniques need to be compli-
mented with CL to relate the new Mg sites to the device performance.
The investigated sample was a 300 nm thick active Mg co-doped Eu:GaN epilayer with
a 10 nm AlN capping layer. A 3.5 nm gold-palladium layer was deposited on the surface to
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Emission Photon Energy (eV) 
Figure 8.7: The CL spectra of Mg/Eu:GaN with beam specifications that give a power density
of ∼ 22 W
mm3
. Underneath the CL spectra are the resonant-phonon assisted excitations of the
Eu1 and Mg4 sites for reference. The CEES scans on the right show the excitation laser
energy used to take the PL spectra.
prevent the sample from charging. The CL collection device was the confocal microscope
described in Chapter 4 with a 1.94 µm collection area. The electron beam was defocused
to a 35 µm diameter to ensure that the power density over the collection area was uniform.
A 10 kV accelerating voltage was used to ensure the entire thickness of the Mg/Eu:GaN
layer was excited by the electron beam. Therefore, the effective volume of excitation can
be approximated by a cylinder with a 1.94 µm diameter and a 0.3 µm height, which gives a
value of 0.89 µm3. These techniques ensure that the entire collection volume was excited by
EHPs.
Figure 8.7 shows the CL spectrum taken with an electron beam current of 15 nA, which
corresponds to a power density of ∼22 W
mm3
(a low power density). The creation of EHPs by
CL is not site-selective (all the sites are excited simultaneously). To this end, the resonant PL
excitations of the Eu1 and Mg4 sites are layered underneath the CL spectrum as a reference.
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Figure 8.8: The power dependent CL emission intensities of Eu1 and Mg4. The steeper
slope at lower power densities for Mg4 shows that it is a more efficient EHP recombination
center than Eu1. At higher power densities, Eu1 dominates in emission. This is expected
since there are more Eu1 ions than Mg4 centers.
The Eu1 site exists in both Eu:GaN and the Mg/Eu:GaN samples, whereas the Mg4 site only
exists in the Mg/Eu:GaN sample.
It is clear that at this power density, the Mg4 site dominates the total CL emission. This,
in combination with the PL results (Eu1 is the majority site), shows that the Mg4 site is able
to absorb energy from EHPs much more efficiently than Eu1. Therefore, a Mg coupled to
a Eu ion increases the Eu ion EHP absorption efficiency. This further proves that Eu ions
couple to certain defect states in the crystal lattice, and that the excitation efficiencies are
dependent on the defect state.
To further evaluate the excitation efficiency, a power dependent CL measurement was
done. Figure 8.8 shows these measurements with respect to the Mg4 and Eu1 peak inten-
sities. The steeper slope of Mg4 shows that it is a much more efficient EHP recombination
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center than Eu1. The CL intensities of the Mg4 peaks and Eu1 peaks were compared to those
of the PL intensities to approximate the relative efficiencies of each site. The result shows
that the Mg4 site absorbs energy from EHPs between 100 and 1000 times more efficiently
than the Eu1 site.
At higher power densities, the Eu1 peak dominates the overall CL intensity. This is
expected since there are more Eu1 ions than Mg4 ions. However, the droop in emission of
the Mg4 site at higher power densities is not expected. A time dependent CL technique was
used to investigate this behavior, in which a CL spectra was recorded every second during
electron beam irradiation.
Figure 8.9 shows the CL spectra at 50 second electron beam exposure intervals to show
the results over an extended period of time. A 10kV electron beam with an ∼ 22 W
mm3
power
density was used. It is clear that after electron beam exposure, the peaks related to the Mg4
site decrease in intensity while those related to the Eu1 site increase. This effect is permanent
in the time frame of our studies which has been of the order of a few months. To demonstrate
this, an electron beam was exposed to this sample in a pattern with the shape of the letters
LU (for Lehigh University). A CL map with the grating centered at the Mg4 emission is
used to show the permanent degradation of the Mg4 related CL signal in the irradiated spots.
This can be seen in Figure 8.10.
The decrease and increase in the CL intensity of the peaks relating to the Mg4 and Eu1
sites, respectively, can be explained by two different scenarios. (1) The electron beam ir-
radiation changes the EHP excitation pathway of the Mg4 center in which the EHPs favor
recombination elsewhere. This makes the excitation of Eu1 more probable. (2) The actual
number of Mg4 and Eu1 sites is changing with electron beam exposure. Unfortunately, the
CL data can not distinguish between these two conclusions, but, fortunately, a dual excitation
experiment can.
157
Fi
gu
re
8.
9:
T
he
ef
fe
ct
of
el
ec
tr
on
be
am
ir
ra
di
at
io
n
on
th
e
M
g4
an
d
E
u1
si
te
s.
T
he
ac
ce
le
ra
tin
g
vo
lta
ge
an
d
po
w
er
de
ns
ity
w
er
e
10
kV
an
d
∼
22
W
m
m
3
,
re
sp
ec
tiv
el
y.
T
he
pe
ak
s
re
la
tin
g
to
th
e
si
te
s
ar
e
hi
gh
lig
ht
ed
in
th
e
ce
nt
er
fr
am
e.
T
he
M
g4
em
is
si
on
de
gr
ad
es
an
d
th
e
E
u1
em
is
si
on
is
am
pl
ifi
ed
w
ith
el
ec
tr
on
be
am
ex
po
su
re
.
158
a) b) 
Figure 8.10: (a) The secondary electron image of a Mg/Eu:GaN sample with extended elec-
tron beam irradiation in the shape of LU. The change in contrast is most likely due to the
electron beam cleaning the cooled sample surface. (b) A CL map of the same area with the
grating centered at the Mg4 emission showing the defined electron beam irradiation spots.
These spots experienced a large amount of electron beam exposure that degraded the Mg4
emission significantly.
The combined excitation apparatus discussed in Chapter 4 is a perfect tool to monitor the
number of Mg4 and Eu1 centers. The alignment of the electron beam and laser beam allow
us to use a resonant excitation of the Eu1 and Mg4 sites after electron beam irradiation.
To do this, the sample was exposed to an electron beam for a defined period of time. After
exposure, a CEES scan in the phonon-assisted region was used to monitor the relative number
of Mg4 and Eu1 centers.
Figure 8.11 shows a CEES scan before electron beam irradiation and after 400 seconds
of electron beam irradiation. The color contrast of the two scans was kept constant so the
scans can be directly compared with one another.
The emission intensity of Eu1 and Mg4 change after electron beam exposure. The Eu1
site increases with intensity, while the Mg4 site decreases with intensity. This shows us
that the number of Eu1 sites is increasing while the number of Mg4 sites is decreasing.
Therefore, the electron beam is not changing the excitation pathways associated with the
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Figure 8.11: The CEES scans before and after electron beam irradiation. The CEES scans
used an excitation laser source with an energy that corresponds to a resonant-phonon assisted
Eu excitation region. The decrease in Mg4 emission after electron beam irradiation suggests
that there are less Mg4 centers after irradiation. The increase in Eu1 emission suggest that
there are more Eu1 centers after irradiation.
EHPs, but changing the crystal structure around the sites.
The correlation between the increase of Eu1 and decrease of Mg4 with respect to electron
beam exposure time can be tested by resonantly exciting each site between several electron
beam exposures and recording the emission. This experiment can easily be done since the
electron and laser beam are overlapped on the same region of the sample. Figure 8.12 shows
the phonon-assisted resonant excitation intensities associated with the Mg4 and Eu1 emis-
sion vs. the electron beam exposure time. The power density in the effective collection area
was ∼ 8.32 W
mm3
.
It is clear that the increase in the resonant phonon-assisted Eu1 excitation correlates well
with the decrease in Mg4 emission. The decrease in the number of Mg4 sites correlates
well with the increase in number of Eu1 sites. Therefore, Mg4 must be a perturbed Eu1
configuration, in which the defect causing the perturbation is weakly bound. The Eu-defect
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Figure 8.12: The PL intensities of the resonant-phonon assisted excitation of the Eu1 and
Mg4 sites vs. electron beam exposure time. A 10 kV accelerating voltage was used with an
approximate power density of 8.32 W
mm3
. The increase in Eu1 emission correlates well with
the decrease in Mg4 emission.
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bond can be easily broken with the exchange of energy from an outside source. In these
studies, EHPs have high enough energies to break this bond, making the defect free to move
away from the perturbed Eu1 (Mg4). When the the defect is bound to a Eu1 center, it has a
Mg4 emission. When the defect is removed, the Eu1 emission is restored. Other studies have
shown this same behavior under annealing conditions. Therefore, the defect can become
mobile by thermal excitation or through the exchange of energy from an EHP. This behavior
strongly correlates to that of the Mg-H complex. Thus, an interstitial hydrogen that is in
close proximity to a Eu1 center can easily be the defect responsible for this behavior.
It was discussed in Section 8.1 that a Mg-H complex is usually in the form of a H bonded
to a nitrogen atom in a configuration shown in Figure 8.1. The Mg4 site may be a Eu ion on
a Ga site that is in close proximity to a Mg-H complex. The bond energy of the Mg-H defect
is only 0.7 eV and an EHP with 3.4 eV can easily supply enough energy to this defect to
release it from its bond. The hydrogen atom then is mobile throughout the lattice, in which
it can find another hydrogen atom, form H2, and diffuse out of the crystal in gas form. The
H is no longer in close proximity to the Eu ion and the Eu1 configuration is restored. The Eu
atom must not be significantly perturbed by the Mg atom in this particular Mg-H complex
for this to be true.
8.2.2 Temperature Dependence of the Mg4 Site
The ability for thermal annealing and electronic excitation to disassociate the Mg4 site and
restore it to a Eu1 site has been observed. Other than this fascinating behavior, the Mg4 site
has a unique temperature dependence that is observed in CL and site-selective PL studies.
Figure 8.13 shows the temperature dependence of the Mg4 site with respect to the phonon-
assisted resonant excitation and compares that to the temperature dependent CL spectrum.
The Mg4 site emits with its highest intensity in the temperature range from 80-100K for
both EHP excitation and resonant excitation. The luminescence begins to be eliminated with
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Figure 8.13: The top image is a temperature dependent phonon-assisted resonant excitation
of the Mg4 site. The bottom image is a temperature dependent CL spectrum in which all
of the sites can be simultaneously excited. A site that has not been identified dominates the
spectrum at high temperatures.
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decreasing temperatures. This quenching behavior is contrary to the standard model used to
describe the quenching of RE ions doped in semiconductors.
The standard model for quenching is based on the fact that RE ion emission becomes
quenched with increasing temperatures. This can be described by the trap mediated excita-
tion of RE ions in which a carrier must be localized in close proximity of the RE ion. At
higher thermal energies, the carriers become less likely to be trapped by the RE ion cou-
pled defects and other non-radiative centers compete for the excitation energy [16]. The
luminescence quenching at lower temperatures is still not understood.
An unidentified site can also be observed in Figure 8.13 at higher temperatures. Like
the Mg4 site, this site’s luminescence becomes quenched with decreasing temperature. This
site has yet to be investigated with a room-temperature CEES scan. This would be a good
experiment for the future.
8.3 Conclusions for Mg Co-doped Eu:GaN
This project has an end goal of developing a red emitting GaN based LED by incorporation of
Eu ions. Unfortunately, these devices do not emit efficient or bright enough for commercial
use. Therefore, we have investigated a Mg co-doped Eu:GaN active layer. The findings have
shown new Mg induced Eu sites that emit more efficiently than Eu sites in non-codoped
Eu:GaN.
The different lattice locations of hydrogen in GaN, and more importantly the lattice lo-
cation of the Mg-H complex have been identified for Mg:GaN. The Mg-H complex also
exists in Mg/Eu:GaN, and it can couple to a Eu ion thus changing its excitation and emission
energies. There is evidence from the correlation between the deep level emission and the
resistivity that the Mg-H complex acts as a deep level trap. The higher efficiency of Mg4
suggest that this deep level is coupled to the Eu ion, making it an energetically favorable
164
location for the transfer of energy from excited carriers in the sample.
This spectroscopic study of Mg/Eu:GaN can be reviewed as follows:
1. Using a low temperature CEES scan 4 additional sites that appear in Eu:GaN with the
addition of Mg co-doping have been identified.
2. OMVPE1 and OMVPE2 do not exist in the Mg/Eu:GaN sample. This suggests that
these sites are coupled to a naturally occurring n-type donor state. These states are
quenched with Mg doping.
3. The relative phonon-assisted resonant excitation intensities at low temperature suggest
that Eu1 is the majority site in Mg/Eu:GaN.
4. The temperature dependent studies show that Mg4 has a maximum intensity between
80 and 100K. Above and below these temperatures the site is quenched. Also, the CL
spectra at high temperatures have revealed a new site that should be investigated in the
future.
5. The power dependent CL spectrum shows Mg4 is a much more efficient EHP recom-
bination center than Eu1, despite the fact that there are fewer of them. At higher power
densities the Eu1 emission dominates, which further validates that Eu1 is the majority
site in the sample.
6. The CL spectrum with extended electron beam exposure shows a decrease in lumines-
cence for the Mg4 site and an increase in luminescence for the Eu1 site.
7. The technique described here has the ability to do resonant phonon-assisted PL in the
same location as CL excitation. This has proved to be a useful tool by providing evi-
dence that the decrease and increase in CL luminescence of Mg4 and Eu1, respectively,
is due to changes in the numbers of each type of site.
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8. Time dependent electron beam exposure studies showed that the decrease in number
of Mg4 sites correlates with the increase in the number of Eu1 sites.
The spectroscopic studies have led us to the final conclusion that Mg4 is the same config-
uration as Eu1 but with the addition of a hydrogen defect in close proximity. The hydrogen
defect can create a deep trap level that couples with the Eu ion making it a favorable place
for an EHP to transfer its energy to the Eu ion. However, if the EHP transfers its energy to
the H ion bond then the H ion can be disassociated from its bond. At that point, the mobile
hydrogen migrates away from the Eu ion, and the Eu1 configuration is restored.
This research has been an important breakthrough in showing that Eu ions couple with
defects in the crystal lattice to absorb energy from EHPs. Furthermore, the nature of these
trap levels determines the Eu ion EHP absorption efficiency, i.e. deep trap states absorb EHPs
more efficiently. Mg/Eu:GaN has been shown to be a good candidate for a more efficient and
brighter LED. However, the Mg4 center must be stabilized.
166
Chapter 9
Conclusions and Future Work
Confocal microscopy techniques applied to electron microscopy have been utilized to com-
bine the complimentary techniques of CL and PL. Unlike commercial CL setups, the com-
bined excitation instrument uses a point-by-point analysis by limiting the collection area to
the diffraction limited spot of a confocal microscope. One advantage of this is that a well-
established point source can be imaged onto the slit of a spectrometer thereby allowing high
spectral resolution without the loss of signal.
The nature of excitation mechanisms of Eu ions in-situ doped in GaN has been inves-
tigated with this apparatus. The advantage of the combined technique is realized in the
excitation of the 4f electrons of Eu ions simultaneously through energy transfer from EHPs
created in GaN by an electron beam and by direct absorption of a laser. Also, the laser can
be tuned to probe the Eu coupled defective states during EHP trapping.
Through a collaboration with Fujiwara et al., three sets of samples have been obtained.
The first set was grown with varied pressures; the second set was grown with different V/III
(N/Ga) ratios; and the final set was co-doped with magnesium. The following is a brief
summery of the overall observations and conclusions developed from these samples.
First, all of our evidence suggests that the nearest neighbor configuration of Eu1 is a Eu
on a Ga site with a possible nitrogen vacancy:
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• Polarization dependent measurements have shown Eu1 to have the highest C3v sym-
metry.
• PL and CL studies show that Eu1 exhibits the most intense emission compared to all
other sites.
• Sanna et al. [19] and Bang et al. [44] confirmed that a Eu on a Ga site with a possible
N vacancy is the majority center by using extended x-ray absorption fine structure
(EXAFS) and density functional theory (DFT).
Second, despite ten identified sites, Eu1 and Eu2 contribute to the majority of EHP re-
lated emission. The results show that Eu2 is a more efficient EHP recombination center than
Eu1. Furthermore, Eu2 can couple to a deep trap state most likely associated with the yellow
luminescence of GaN. When this occurs, less Eu1 are available for EHP excitation. This
decrease in EHP excitable Eu1 suggests that not all Eu1 ions can be excited by EHPs, and is
evidenced by the results of a combined excitation experiment in which Eu1 was able to be
excited resonantly despite being saturated by EHPs. Therefore, some Eu1 centers can absorb
energy from EHPs and others can not. The consistent emission signature of Eu1 suggests
that the nearest neighbor configuration of Eu1 is always the same, while the difference in
the ability to absorb EHP energy implies that the defect structure beyond these atoms can be
different.
Third, a combined excitation experiment in which the laser was tuned to ionized de-
fect levels showed that Eu ions depend on defect-mediated EHP absorption. To study this,
Eu:GaN samples with varied V/III ratios and one with a Mg co-dopant were grown with the
expectation of higher efficiencies. A high V/III ratio of 6400 proved to be the best perform-
ing device despite its lower concentration of Eu ions. We showed that this is due to a higher
density of Eu1 coupled excitation enhancing defects for that V/III ratio.
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The Mg/Eu:GaN sample contains 4 Mg-coupled Eu sites. One of these sites, Mg4, ab-
sorbs energy from EHPs much more efficiently than any other Eu site. Unfortunately, the
emission from Mg4 degrades with increasing exposure to EHPs. The degradation of the
emission is due to a decrease in the number of Mg4 sites. Furthermore, this decrease has
been correlated to an increase in the number of Eu1 sites. Because an EHP can disassociate
a Mg-H bond, allowing the H to move away from the complex, Mg4 has been concluded to
be a Eu1 configuration with the H atom of a Mg-H complex in close proximity. Once the H
moves away from the Eu ion, the Eu1 emission signature is restored.
The two most important conclusions discovered through this work are that not all Eu
ions can be excited by EHPs and that Eu ions rely on trap-mediated EHP excitation. The
engineering of samples thus far has not advanced sufficiently to allow all of the Eu ions to be
excited by EHPs. Toward this goal, the growth methods must focus on the incorporation of
excitation enhancing defects and exclude those defects that quench Eu1 emission, in particu-
lar the deep-trap coupling to Eu2 that has been related to a quenching of Eu1 emission. This
work has demonstrated the different growth methods that favor excitation enhancing defects,
including higher growth pressures, V/III ratios of 6400, and Mg co-doping.
The progress of this effort is shown in Figure 9.1 which predicts that fabrication of a
device with sufficiently high emission intensity for practical use will be possible in June of
2012. This is colloquially known as Fujiwara’s Law. Since the start of this project in June of
2009, the emission intensity of these samples has increased by two orders of magnitude. This
has been possible through continued improvement of Professor Fujiwara’s growth techniques
due to our experimental findings. It is very probable that Eu:GaN materials will be used for
commercial solid-state lighting applications in the near future.
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Figure 9.1: This graph, known as Fujiwara’s Law, shows the progress of Eu:GaN device
emission intensities with respect to fabrication dates. If the progress maintains the same
trend, a Eu:GaN LED device will emit high enough intensities for practical use in June of
2012.
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9.1 Future Work
A number of excitation enhancing defects have been examined with regards to the growth
conditions. Growth conditions that do not necessarily favor crystalline quality favor excita-
tion enhancing defects. The exact nature (crystalline structure) of the coupling of a Eu ion
and excitation enhancing defect is still unknown. The theory that Eu2 is linked to the yellow
luminescence in GaN (carbon defect) needs to be further analyzed. Also, the beyond nearest
neighbor configuration of Eu1 needs to be analyzed. Some experiments that can be done in
the future to study this are as follows:
• Use z-contrast scanning transmission electron microscopy (STEM) techniques to in-
vestigate the crystalline structure around a Eu ion.
• Use CL STEM to investigate if Eu2 is a surface related defect.
• Use electron energy-loss spectroscopy (EELS) to differentiate between Eu2+ and Eu3+
sites.
• Use UV CEES, voltage dependent CL, and power dependent CL to compare the yellow
luminescence/band-edge emission ratio in GaN with the Eu2/Eu1 ratio in Eu:GaN.
The combined excitation experiment has other applications that can be addressed as well.
For instance, an electron beam can induce a reversal of the spontaneous polarization, or do-
main inversion, in LiNbO3. Unfortunately, domain inversion can not typically be confirmed
inside a SEM. Rather, the sample must be removed from the chamber and either etched with
hydrofluoric acid or investigated with Raman spectroscopy to reveal an inversion. Therefore,
because the setup developed in this work is able to do Raman spectroscopy with simultane-
ous electron beam irradiation, future experiments can be done to investigate the nature of
domain inversion in LiNbO3 while it is occurring.
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Another topic of interest is the comparison of the ability for an electron beam and a
laser beam to create EHPs in GaN. This can be tested by determining the power density of
each excitation source and comparing the emission intensities. This experiment can also be
combined with an EL measurement. With this combination, a better correlation between PL
and CL studies with device operation can be made.
This instrument has enabled a wide variety of studies in which the link between the
effects of laser and electron beam irradiation of samples is of interest. In addition to the
combination of PL and CL studies, we have shown the capabilities of Raman spectroscopy
during electron beam irradiation. Overall, the unique instrumentation and techniques dis-
cussed in this work create the opportunity to research various ideas beyond those which have
been discussed in this work. In this, the reader is limited only by creativity and imagination.
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Appendix A
InGaN/GaN Quantum Well Structures
for LED Operation
InGaN/GaN quantum well (QW) supperlattice structures are widely used in many optoelec-
tronic applications such as the blue diode laser in a blue ray player. These materials are
well suited for blue light-emitting applications. However, when they are engineered to emit
in the green and red spectral regions, they fail to emit as efficiently as necessary for com-
mercial use. There are several factors that cause a decrease in efficiency with red shifted
emissions and research is necessary to discover new ways to engineer the growths of these
samples to increase their efficiency. This appendix will go over the properties of these mate-
rials and some of the work performed by our group to engineer more efficient green emitting
InGaN/GaN QW LEDs.
A.1 Background
A.1.1 Alloying of III/V Materials
Alloying is one of the oldest techniques for modifying the properties of materials. An alloy
is defined to be the mixture of two or more elements. Steel is a good example of one of the
earlier breakthrough materials where this concept has been applied. It has much different
properties than its major component of iron. Alloying can also be applied to semiconduc-
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tors and insulators to change their electronic properties. The alloying of semiconductors is
motivated by two objectives:
1. To tune the bandgap to a specific energy in order to have the material emit or absorb a
desired wavelength.
2. To change the lattice constant of the material to match a specific substrate.
When an alloy AxB1−x is made by the mixing of two different elements, the lattice con-
stant changes in a way that is follows Vegard’s law [107],
aalloy = xaA + (1− x)aB, (A.1)
where aalloy, aA, and aB are the lattice constants of the alloy, material A, and material B.
This law is not followed by all materials, but is applicable to GaN and InGaN systems. Both
GaN and InN (used to make InGaN) are characterized by the same wurtzite structure, making
alloying of these materials easy. Also, In and Ga each have three valence electrons, and can
easily replace each other in either a Ga-N or an In-N bond. This type of alloying is consistent
for III/V semiconductors in which the III element can be alloyed with another III element
and the V element can be alloyed with another V element. The location of the atoms can be
distributed in three different configurations:
1. Clustering of atoms can occur, in which the A atoms are localized in one region and
the B atoms are localized in another region. This is called phase separated.
2. The probability that the neighboring atom is A is x and the probability that it is B is
(1-x). This is called a random alloy.
3. The A and B atoms are well ordered. This occurs in a supperlattice structure.
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As discussed earlier, the alloying also changes the electronic properties of a semiconduc-
tor by changing the band structure. The band gap energy of an alloyed material is defined
by
Ealloyg = xE
A
g + (1− x)EBg . (A.2)
This is also linear, which means that the band gap changes linearly with respect to the lattice
constant. This can be seen for various GaN alloys in Figure A.1. Also, with the virtual
crystal approximation, it can be shown that the effective masses at the band edge scale in a
similar way,
1
m∗alloy
=
x
m∗A
+
1− x
m∗B
. (A.3)
Since
Ealloy(k) =
~2k2
2m∗alloy
= x
~2k2
2m∗A
+ (1− x)~
2k2
2m∗B
. (A.4)
The GaN, InN, and AlN alloys shown in Figure A.1 are important materials for optoelec-
tonic devices since the alloying of these materials covers a large band gap range. The band
gap of these materials can be tuned to emit or absorb light from the far UV to the mid IR
and have been used for light emission in the short wavelength range, light absorption, and
for high temperature/high power electronics where large band gap materials are necessary.
A major technological problem with these materials is the inability to find a suitable
substrate for growth. These materials are usually grown on a sapphire or SiC substrate with
a layer of GaN deposited on the top to mimic a GaN substrate. This technique leads to large
dislocations and disordered defects in the materials that cause unwanted electronic properties
such as non-radiative recombination.
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Figure A.1: This shows the band gap and the lattice constants for different values of x for
AlxGa1−xN, InxGa1−xN, and AlxIn1−xN.
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Another unwanted characteristic of these materials is exhibited in the internal polariza-
tions of the crystal and piezoelectric polarizations. These phenomena can cause carrier sep-
aration in the active region leading to a non-radiative recombination. This will be discussed
in more detail in the next section.
A.1.2 III-Nitride Superlattice Structures
III-Nitride superlattice structures are defined as thin 2D epilayers of various In, Ga, or Al
nitride alloy compositions stacked on top of each other in the growth direction. They are
generally located in the intrinsic region (active region) of a p-i-n diode when used in an
optoelectronic device. Typically, a thin (2-3 nm) layer of material is surrounded by a larger
band gap material (∼10 nm thick) to make a 2D quantum well (QW). The carriers (electrons
and holes) injected into this region by a voltage are energetically favored to be spatially
located in the QW where they can recombine and emit photons. A superlattice can consist
of several (3-5) QW structures that are stacked in the growth direction. Figure A.2 shows an
example of an InGaN/GaN supperlattice structure.
Since the realization of p-i-n GaN light emitting diodes (LED) and laser diodes, the
InGaN/GaN QW structure shown in Figure A.2 has been the most promising structure for
high efficiency LEDs and high gain laser diodes [6,8,11,12]. These discoveries have shown
the applicability of InGaN/GaN structures. At this time, these materials have only produced
high enough efficiencies for blue photonics applications. Theoretically, InGaN materials can
emit in the green and the red spectral regions, but the inhomogeneities and strain between
interfaces create problems.
A.1.3 Piezoelectric Strain and Polarization Fields
The most common approaches for creating an InGaN/GaN QW device for emitting in the
green spectral region are as follows:
192
P-type 
N-type 
A
ct
iv
e 
R
eg
io
n 
Energy 
Z (space) 
Superlattice Device 
Figure A.2: The red regions in the active region are GaN and the blue regions are InGaN.
The band gap decreases in the InGaN regions forming quantum well structures.
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1. Increase the In content in the QW to decrease the band gap in the active region.
2. Increase the thickness of the InGaN QW.
Both of these approaches lead to an extensive charge separation effect. The research
discussed in this chapter uses the first of these concepts with a modification in the QW
structure to reduce the charge separation effect. The charge separation for an increased In
content in the QW can be explained by the quantum confined Stark effect (QCSE).
Within a QW, there exist discrete energy levels for the electrons and holes to occupy (this
is analogous to the particle in a box problem learned in an introductory quantum mechanics
course). The QCSE is the shift of electron levels to lower energies and the hole levels to
higher energies within a QW in the presence of an electric field. Note that unlike electrons,
the holes are energetically favored to occupy higher energy states.
These shifts in energy occur at the interfaces of the QW, in which the energy linearly
changes as a function of space (shown in Figure A.3). Therefore, the holes and electrons are
energetically favored to migrate to the opposite ends of the QW, which spatially separates
them, and decreases their radiative recombination probability. The spatial separation of the
electrons and holes suggests a decrease in the electron-hole wavefunction overlap (a wave-
function defines the probability of finding a particle at a particular location). In order to have
a high probability of radiative recombination, the electrons and holes must be in the same
localized region.
The higher In content required for a green emitting InGaN/GaN QW LED creates a larger
lattice mismatch between the InGaN and GaN interfaces as shown in Figure A.1. GaN and
InGaN are both piezoelectric crystals, and the strain caused by the lattice mismatch creates a
polarization field within the QW. This field is the main contributor to the decreased electron-
hole wave function overlap.
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Figure A.3: A pictorial representation of the quantum confined Stark effect (QCSE). This
shows the difference of the band edges of the GaN and InGaN regions of the QW structure.
An electric field causes a bending in the band edge and hence spatially separates the electrons
from their holes.
195
A.2 Graded Indium Content QW Structures
The main purpose of this research is to create a higher efficiency green emitting LED by
using InGaN/GaN QW structures. Recently, several approaches have addressed the charge
separation problem discussed earlier, including: (1) growing non-polar InGaN QWs [7], (2)
including an AlGaN δ-layer in the QW [9, 10], (3) staggered InGaN QWs [3, 5], (4) type
II InGaN-GaNAs QW [4, 14], and (5) strain compensated InGaN/AlGaN QW structures
[13, 108].
In this study, we will be investigating the growth of different graded In content profiles.
The graded In content causes a graded band edge energy profile in the QW designed to
increase the spatial confinement of the electrons and holes. The basic concept is that the
energy profile within the QW is manipulated to favor radiative recombination processes.
Figure A.4 shows the different graded In content profiles for the six QW structures studied.
The QW structure that most significantly improved the efficiency for emission in the
500-525 nm range was the three layered QW structure [15], which is marked with a check
mark in Figure A.4. This was grown by metal organic chemical vapor deposition (MOCVD)
with a graded temperature growth technique while keeping a constant TMIn/TMGa molar
ratio. The incorporation of indium into the InGaN growth region is very sensitive to the
growth temperature. The growth of the staggered InxGa1−xN/GaN QW shown in Figure A.5
contains three layers. They are grown with a constant TMIn flow rate in three different
stages: (1) at temperature T1 = 755 ◦C for t1 = 0.25 min, (2) T2 = 725 ◦C for t2 = 0.29
min, and (3) T1 = 755 ◦C for t1 = 0.25 min. The temperature ramping between t1 and t2
occurred for a length of time, tp=0.15 min, which is the same for the ramping between t2 and
t1. During the actual growth overshooting of the temperature profile occurred for both the
ramping up and down of the temperature [15].
The conventional and three-layer staggered InGaN QW were grown on a 2.5 µm thick n-
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Figure A.4: These are the different QW structures that were investigated. The graded in
content in the QW itself is designed to increase the overlap of the electron and hole wave-
functions.
Figure A.5: (a) The profiles of the growth temperature, TMIn flow rate, and the In content
for the tree layered QW. (b) The dependence of the In content with respect to the growth
temperature for InxGa1−xN. Figure reproduced from Zhao et al. [15]
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doped GaN layer (Tg = 1075 ◦C), which was grown on c-plane double-side polished sapphire
substrate, employing a low temperature 30 nm GaN buffer layer (Tg = 515 ◦C). The conven-
tional QW structure consists of four periods of 3.5 nm thick In0.24Ga0.76N QWs, which were
grown at 740 ◦C with a growth time of 1.09 min. The staggered InGaN QW LED consists
of four periods of the three-layer staggered InGaN QW with growth parameters shown in
Figure A.5. The estimated In-contents in the 3-layer staggered QWs are 21%, 28%, and 21%
with thicknesses of 1.05, 1.4, and 1.05 nm for layers 1, 2, and 3 respectively [15].
Simulations have shown that the three layer QW improves the electron-hole wavefunc-
tion overlap (Γehh) over a conventional QW and the two layer QW [5]. These 3-layer, 2-layer,
and conventional QW have shown Γehh=29.9%, 26.3%, and 14.5% respectively. The 3-layer
QW shows a calculated increase in radiative recombination rate by a factor of 3.5 for the
conventional QW and 2.4 for the two-layer QW. Therefore, the 3-layer QW should show
higher efficiencies and brighter emissions over the competing QW structures [15].
The characteristics of the three-layer staggered InGaN QW LEDs grown by graded
growth-temperature profiles have been compared to those of a conventional InGaN QW by
CL and electroluminescence (EL) techniques. Figure A.6 shows the luminescent character-
istics of the 3-layer QW and the conventional QW studied by power dependent CL and EL
measurements at room temperature. To create a proper device, a 200 nm p-type GaN layer
was grown on top of the InGaN/GaN active layer by Mg-doping. To ensure the electron
beam penetrated the entire p-type region, an accelerating voltage of 10 kV was used. The
spot size for this measurement was maintained at 2x10−9 cm2.
It is clear from Figure A.6 (a) and (b) that the 3-layer QW exhibits an improvement in
CL emission intensity for all power densities. The peak intensity is improved by a factor of
approximately 3 and the total integrated intensity is improved by factors of approximately
1.8-2.8 depending on the CL power density.
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These results are consistent with the room temperature device performance. The LED
devices were fabricated as bottom-emitting square devices with Ti/Au as n-contact and Ni/Au
as the p-contact. Figure A.6 (c) and (d) show the EL spectra associated with a high and low
power density as well as the total integrated intensity for various injection currents. The
p-type contact covered an area of 510 µm x 510 µm under continuous wave operation. The
3-layer QW shows a peak intensity enhancement of 1.8 times for I=100 mA and 1.3 times
for I=200 mA in comparison to that of conventional InGaN QW LED. There is a broadening
in the full width half maximum of the 3-layer QW that may be a result of the less abrupt
interfaces in the QW layer or an increased inhomogeneous broadening as a result of the
higher indium content in the InGaN layer.
A.3 Low Temperature EL with Tentative Conclusions
A low temperature EL experimental setup was designed to study the internal quantum effi-
ciency (IQE) of the different QW structure devices shown in Figure A.4. The IQE is defined
as the number of photons created divided by the number of carriers in the QW region,
IQE = ηinj · ηrad, (A.5)
It is assumed that at low temperature all of the carriers injected into the QW region radia-
tively recombine. Therefore, the ratio of the intensity at room-temperature to the intensity at
low temperature gives good results for the IQE. In this section, we will be determining the
IQE of different QW structures with a low temperature EL probing station.
A.3.1 The low temperature Probing Setup
A device designed for electroluminescence (EL) has precise p-type pads with specific dimen-
sions to make the calculation of the current density straight forward ( A
cm2
). The dimensions
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can be as small as 310 µm x 310 µm and as large as 510 µ x 510 µm. A small probe tip with a
diameter of ∼20 µm attached to a x/y/z micro controller needs to be used to apply a voltage
to this pad. Another probe, also attached to a microcontroller, needs to be used to apply a
voltage to the n-type region. This is easily achieved in room-temperature environments, but
can be hard to achieve inside of a cryostat due to its spatial limitations.
The high cost of a commercial low temperature probing station motivated the modifica-
tion of an Oxford low temperature SEM stage as the cryostat for this EL probing station.
Figure A.7 shows the low temperature EL probing station as it is probing an InGaN/GaN
QW sample. The probes are attached to attocube high-precision stages with full external
control of x, y, and z motion. The sample is mounted on an extended copper mount that is
attached to the cold finger of the Oxford stage. This SEM is equipped with a Gatan CL light
collection system that uses a parabolic mirror to collect light from a sample and direct/focus
it into a spectrometer. These optics were used to collect the emitted light from the biased
InGaN/GaN QW LED device.
This setup allows for the use of live secondary electron detector SEM images to align
the probes with the appropriate p and n-type pads with high accuracy. The vacated SEM
chamber is the cryostat for this experimental apparatus.
A.3.2 Temperature Dependence of Carrier Confinement
We have compared the ratios of the total integrated intensities at low and high temperatures
for both the three-layer staggered QW and a conventional QW sample. The comparison
of these ratios for each sample and current density will help us determine the relative IQE
of each sample. The higher efficiencies of the three-layer staggered QW suggest that the
IQE will be higher for these samples. Figure A.8 shows the total integrated intensities for
the three-layer staggered QW and the conventional QW for different power densities and
temperatures.
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Figure A.7: An Oxford low temperature SEM stage modified to perform low temperature
EL experiments. The probes are attached to high precision attocube stages with the sample
mounted to a cold finger extension. The blue light being emitted from the InGaN/GaN QW
sample is to be collected by a parabolic mirror inside of the SEM chamber.
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Figure A.8: These are the temperature dependent EL data for the three-layered staggered and
conventional QWs. The separation of the blue and green emission peaks for the three-layers
sample was large enough to isolate them from each other and integrate over them. This was
not the case for the conventional QW.
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The center of the two dominant peaks for the three-layer staggered QW are at 430 and
490 nm. For the conventional QW, the two dominant peaks are centered at 500 and 525
nm. These experiments were designed to investigate the IQE of the conventional and three-
layered QW structures by the increased intensity at low temperatures. We realized that low
temperature EL measurements do not give good results of the IQE. This type of measurement
works for CL or PL experiments because the carriers are created in the QW structures. For
EL, the carriers are injected into the active region and they have to be trapped in the QWs
in order to radiatively recombine. As temperature decreases, the ability for the carriers to be
trapped in the QWs decreases [109–112]. The difficulty of carrier confinement may be due
to the change in the I-V curve [112] at lower temperatures. The I-V curve shows that higher
voltages are needed to produce a particular current at lower temperatures than at higher ones.
Therefore, each individual carrier has a higher energy, which makes them more difficult to
trap in the QW region.
For the conventional QW samples, Figure A.8 clearly shows that the reduction in car-
rier capture rate is dominant over the enhancement of radiative recombination in the QW
region (IQE). This is shown by the decrease in total integrated intensity with decreasing
temperature. This effect is less severe for the three-layer staggered QW sample as the total
integrated intensity increases and saturates for most current densities except for the lowest
one (3.9 A/cm2). For 3.9 A/cm2, the overall intensity first increases and then decreases with
decreasing temperature. The decrease in intensity with temperatures lower than 120 K shows
that the reduction in carrier capture rate begins to overtake the improvement in the IQE. This
effect is not prevalent with higher currents and may be due to higher temperatures in the
QW region that were not detected by the sensor. The temperature sensor was placed under-
neath the copper cold finger and sample. The biased device was clearly heating the stage
attached to the temperature sensor. The indirect coupling of the temperature sensor to the
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active region could have resulted in inaccurate readings.
The large decrease in carrier capture rate with dropping temperatures made the evaluation
of the IQE at room temperature impossible. Despite this, it is clear that the decrease in carrier
capture rate is less pronounced for the three-layer staggered QW than for the conventional
QW. Therefore, the three-layered QW structure may have an increased carrier capture and
decreased carrier leakage compared to a conventional QW. The IQE can be measured more
easily with a temperature dependent PL experiment.
A.3.3 Multiple Peak Fit
The staggered QW showed two highly separated peaks that became more visible at lower
temperatures. Figure A.9 shows the room and low temperature EL spectra of the staggered
QW with a curve fit that is a convolution of four Gaussian peaks. The two dominant peaks
are clearly visible and have been integrated over the temperature range shown in Figure A.8.
The green peak may be due to the recombination of carriers in the energy minimum of the
staggered QW, and the blue peak may be a result of the recombination in the edges of the
QW. The less intense peaks that are blue shifted from the larger peaks may be recombination
from a higher excited state in the QW. The transitions responsible for these peaks are frozen
at lower temperatures and the deeper QW states further dominate the luminescence.
A.3.4 Temperature Dependent Energy Shifts
We have also witnessed an S-shape peak shift with decreasing temperature, for the conven-
tional QW only, that has been noted and explained by Gainer et al. [113]. This can be seen in
Figure A.10. The three different shifts are noted at: (i) a 34 meV red shift as the temperature
increases from 40 K to 70 K, (ii) a 48 meV blue-shift from 70 K to 160 K, and (iii) a 34 meV
red-shift from 160 K to 300 K.
For 40 K<T<70 K, the non-radiative recombination diminishes while the radiative re-
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Figure A.9: The high (a) and low (b) temperature EL spectra with a 4 Gaussian peak fit done
in Igor Pro.
combination dominates. The decrease in non-radiative recombination increases the carrier
lifetime in the well and the carriers can relax into lower energy localized defect states before
recombining. The red-shift follows the decrease in the band gap with increasing temperatures
in this temperature range [114]. For 70 K<T<160 K, the temperatures become high enough
for the disassociation rate to increase as well as other non-radiative effects. The recombi-
nation occurs before the electrons and holes reach the energetic minimum of the localized
defect states. This increase in lifetime causes the blue-shift with increasing temperatures
as the electrons and holes recombine closer to the band edge. At temperatures above 160
K, the non-radiative lifetimes become dominant and the change in the total carrier lifetime
increases much more slowly than for 70K<T<160 K, and the natural decrease in the band
edge begins to dominate the shift of the emission with increasing temperatures. The red-shift
for 40 K<T<70 K occurred at a rate of 1.13 meV/K and the red-shift for 160K<T<300 K
shifted at a rate of 0.24 meV/K. The slower rate of increase in the red-shift at higher tem-
peratures is due to a blue-shift induced by an increase in the carrier lifetimes. Overall, this
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Figure A.10: The temperature dependent EL spectra of a conventional InGaN/GaN multiple
quantum well sample. The S-shaped shifts in the emission energy are due to a combination
of the increase in carrier lifetime and the presence of localized decreased band edge states in
the InGaN region.
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red-blue-red shift behavior is due to a combination of the change in carrier lifetimes with
an increase in temperature and indium rich localized states causing a local decrease in the
band-gap.
A.3.5 Tentative Conclusions
A low temperature EL apparatus was designed and successfully tested with InGaN/GaN QW
LED devices. Unfortunately, the expected increase in performance of these samples with a
decrease in temperature was not observed and the IQE could not be calculated. The nature of
the decrease in intensity must be correlated with carrier confinement since low temperature
PL and CL studies show an increase in emission with decreasing temperatures. The 3-layered
QW showed a less pronounced decrease in performance with decreasing temperatures. These
results suggest that the three-layered QW may improve the carrier capture rate and carrier
confinement over the conventional QW.
A.4 InGaN/GaN QW Conclusions
Overcoming the difficulties of charge separation effects in green emitting InGaN/GaN QW
structures has been a major technological challenge as of late. Three-layer QW structures
have been designed and studied to overcome these effects caused by polarization fields and
higher piezo electric strain in the QW region. The better performance of these QW struc-
tures over conventional QW structures from room-temperature power dependent CL and EL
studies validate the higher wavefunction overlap in the active region. Overall, the three-layer
staggered QW showed to increase the efficiency of a green emitting InGaN/GaN LED.
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Appendix B
The AutoCAD drawings for the combined excitation apparatus are shown in this appendix.
There are eighteen parts total.
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